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Exhaustion of fossil fuels and global energy concerns have never been recognized as 
seriously as in recent times.  In this context, research efforts to acquire energy from the 
alternative, clean and renewable, sources such as wind or geothermal energy are being 
intensively and extensively exploited.  Among them, solar energy dwarfs all others in 
abundance, availability, and scalability.  In fact, the energy reached from the sun in one 
hour on the earth (4.3 × 1020 J) is larger than that is consumed by all human beings in the 
entire year (4.1 × 1020 J, 2004).i  
To acquire energy from the sun is not novel idea at all.  Inorganic solar cells, 
typified by the silicon p-n junction cell, were developed in the 1950s and have been 
employed for the fabrication of the some utilities.  The energy of photons from the sun is 
used to excite the electrons from the valence band, where they are tightly bound to the 
atom, into the conduction band, where they can be freely moved: provided that the photon 
holds enough energy to push the electron over this band gap, it can generate the electrical 
current, otherwise it would be lost as heat.  The band gap of the silicon is known to be 
about 1.1 eV (at 300 K) which corresponds to the wavelength of 1100 nm.  Namely, the 
photons in the sunlight hold the energy higher than 1.1 eV can generate the electrical 
energy and this limits the theoretical efficiency (31 %) of the single layer solar cell made 
with silicon - the Shockley-Queisser limit.ii  The best lab-based silicon solar cell is now 
reported to be performed with ca. 24 % of conversion efficiency, but the commercial cells 
in many cases display only 15 - 20 % of the efficiency.iii  In current manufacturing 
schemes for silicon-based solar cells, the cost for processing and purifying the silicon 
occupies only about 10 % of the final cost; the remaining 90 % is engaged with other 
inflexible processes, albeit the price of the silicon is highly competitive.iv   Explorations 
for the innovative technologies based on relatively cheap materials with different price 
mechanisms to substitute the present solar cell are the natural consequences.  As such a 
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variety of unprecedented devices including bulk heterojunction solar cell or quantum dot 
solar cell have been explored. v  Although their performances are still inferior compared 
with present silicon-based cells and thus not yet close for commercialization, one or two 
successes are believed to dramatically change the current status of the energy supply.  
Own characteristics such as flexibility and light weight are the additional fascination of 
the novel types of the devices.  
Dye-sensitized solar cell (DSSC) with mesoporous semiconductor is regarded 
as one of the most promising candidates among them.vi  In fact, the concept of the dye 
sensitization of semiconductors, excitation of the dye molecules and subsequent electron 
injection from the dyes into the semiconductors, can be traced back to the 1960s.vii  
Efficient electron injection was observed and the mechanism of the sensitization 
processes was well-documented.viii  These early studies, however, were based on the 
single crystal semiconductor and thereby could not demonstrate ample light harvesting 
efficiency that is also indispensable to achieve high performance photoelectrochemical 
and/or photovoltaic cells.  Seminal report by O’Regan and Grätzel in the early 1990s 
opened the new horizon in this research field.ix  Of significance in their device is laid in 
the employment of mesoporous semiconductor films instead of the single crystal to 
immobilize the dye molecules.  This approach affords several hundred-fold augment in 
the surface area compared with that of the planar surface, allows the increased amount of 
dye molecules on the surface, and accordingly guarantees the enhanced light harvesting 
capability of the cell.  The basic working mechanism of DSSC is displayed is Figure 1.  
The dye molecule immobilized on the mesoporous semicondcutor (typically anatase 
TiO2) gathers the incident light, and injects the electron into the conduction band of the 
semiconductor after the photoexcitation.  The resulting dye cation is regenerated by the 
iodide and the following triiodide is reduced at the counter electrode, with the circuit 
being completed via electron movement through the external load.  This process affords 
the photocurrent.  
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 Figure1.  Mechanism of the dye-sensitized solar cells 
The photovoltage generated 
under illumination 
corresponds to the energy 
difference between the quasi 
Fermi level of the 
semiconductor and the redox 
potential of the 
iodide/triiodide redox 
couple.x  Overall, the device 
transforms the light energy into the electrical energy without any permanent chemical 
transformation.  Briefly, three different but closely related materials are responsible for 
the operation with this well-performed device: the dye that can absorb the incident light 
and transfer the electron to the electrode, mesoporous semiconductor that can afford the 
very high surface area, and redox couple that is responsible for the charge relay for the 
continuous operation of the device.  Although the research efforts in this field have been 
spanning these three specific areas, of particular importance is the development of the 
well-performance dye.   
High performance dyes are requested to display broad light absorption 
capability, which can cover the whole solar light spectrum, along with fast injection of 
electrons from photo-excited dyes to the conduction band of semiconductor electrodes, 
and slow recombination between the injected electrons and resulting dye cations and/or 
I-/I3- redox couples.  The majority of dyes for DSSC are immobilized onto the TiO2 by the 
aid of anchoring groups such as carboxylic acid, sulfonic acid, phosphonic acid, and 
others.xi  All of them are believed to make a covalent bond with the TiO2 surface that 
provides good electronic communications between the dye and the TiO2.  Among them 
the carboxylic acid group has been most frequently used for derivatizing the TiO2 surface 
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xiiwith a variety of chemical compounds after the report of Anderson et al.   Namely, 
molecules containing carboxylic acid group are known to spontaneously adsorb onto, and 
form bridging, ester-like, and/or bidentate binding with the TiO2 depending on the dye, 
dye coverage, pH, sensitizing time, and preparation of the TiO2.xiii  Anchoring groups are 
of central importance in the interfacial phenomena for nearly all kinds of dyes for DSSC.  
The number, position, and identity of anchoring groups have been reported to affect cell 
performances including electron injection, charge recombination, light absorption 
capability, and stability.xiv  Variations of bridge between the dye and the anchoring group 
afford another control of cell performances.  Separation distance between the dye and the 
anchoring group is known to have an influence on the electron injection rate by managing 
the electronic coupling.xv  Photophysical properties can be tailored by manipulating the 
length of bridge.xvi  Open circuit potential (VOC) can also be raised by lengthening the 
separation distance between the center of the dye and the anchoring group.xvii  
In this first part of this dissertation, three porphyrins with meso 5-membered 
heteroaromatic spacers, 5-(5-carboxy-2-thienyl)-10,15,20-tris(2,4,6-trimethylphenyl)- 
porphyrinatozinc(II) (Zn5S), 5-(5-carboxy-2-furyl)-10,15,20-tris(2,4,6-trimethylphenyl) 
porphyrinatozinc(II) (Zn5O), and 5-(4-carboxy-2-thienyl)-10,15,20-tris(2,4,6-trimethyl- 
phenyl)porphyrinatozinc(II) (Zn4S), have been designed and synthesized to evaluate the 
effects of the spacers on the structures of the porphyrin films on the TiO2 and photovoltaic 
properties of porphyrin-sensitized TiO2 cells.  Modifications in spacers including 
switching one element (i.e., sulfur vs oxygen) in the bridge or changing the position of the 
anchoring group (i.e., carboxylic acid) were found to have significant effects on the dye 
coverage and the structures of the porphyrin monolayers on the TiO2 surface, and 
photovoltaic properties of the porphyrin-sensitized TiO2 cells.  The high photovoltaic 
properties of Zn5S-sensitized cell can be rationalized by the additional electron transfer 
pathway through specific interaction between the sulfur atom inherent in the bridge and 
the TiO2 surface. 
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In the second part of this dissertation, two β, β’-quinoxalino porphyrins 
containing different numbers of carboxylic acid binding groups, 
monocarboxyquinoxalino[2,3-β]porphyrin (ZnQMA) and dicarboxyquinoxalino[2,3-β]- 
porphyrin (ZnQDA), have been synthesized and evaluated as photosensitizers for 
porphyrin-sensitized TiO2 cells.  Both of the compounds showed broadened, red-shifted, 
and amplified light absorption with the aid of π-extensions.  Electrochemistry along with 
DFT calculations revealed that the low-lying LUMO by the substitutions is the main 
reason for the narrowed HOMO-LUMO gaps.  From the X-ray photoelectron 
spectroscopy along with cyclic voltammetry studies for the adsorbed porphyrins, we 
proposed that one carboxylic acid employs bidentate binding mode to anchor ZnQMA 
onto the TiO2 surface, whereas the two binding groups in ZnQDA utilize one bidentate 
and one monodentate binding modes.  Photovoltaic measurements of ZnQMA- and 
ZnQDA-sensitized TiO2 cells with P25 revealed power conversion efficiencies of 5.2 % 
and 4.0 %, respectively.  Since the light absorption capabilities of the two porphyrins are 
more or less similar, the number and the position of binding groups in the porphyrins have 
a large impact on the photovoltaic and photoelectrochemical performances.   
In the third part of this dissertation, phthalocyanines with high peripheral 
substitutions and free from potential contamination by regioisomers have been 
synthesized and evaluated as photosensitizers for dye-sensitized solar cell applications.  
Metal free phthalocyanine-sensitized solar cell shows no photocurrent generation due to 
its low excited singlet state (LUMO) compared with the conduction band of the TiO2.  
Upon zinc metalation, the LUMO level of the phthalocyanine is pushed up, and this 
variation affords the exergonic free energy change for the electron injection.  The zinc 
phthalocyanine-sensitized solar cell displays 0.57 % of power conversion efficiency (η) 
and 4.9 % of maximal IPCE in the near infrared region.  More importantly, the cell 
prepared with and without the presence of chenodeoxycholic acid reveals no difference in 
the power conversion efficiency.  This implies that the well-known aggregation tendency 
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of phthalocyanines that is considered to enhance the self-quenching of the phthalocyanine 
excited singlet state is effectively suppressed by the high degree of substitutions.  
Significance of the driving force for the electron injection and the distance between the 
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Effects of 5-Membered Heteroaromatic Spacers on Structures of Porphyrin 




Porphyrins have been evaluated as photosensitizers for DSSC due to their strong Soret 
(400-450 nm) and moderate Q bands (550-600 nm) absorption properties as well as 
their primary role in natural photosynthetic system. i   They have demonstrated 
charge-transfer kinetics indistinguishable from those of ruthenium polypyridyl 
complexes, ii  which are the most efficient dyes ever reported.  Moreover, optical, 
photophysical, and electrochemical properties can be systematically tailored by the 
peripheral substitutions and/or inner metal complexations.  Nevertheless, compared 
with the high performance dyes for DSSC, iii  porphyrins have been operated 
inefficiently. iv   Moreover, even the same porphyrin displayed fairly different cell 
performance.v  Such inefficiency and inconsistency has been attributed to the effects of 
electronic coupling between the porphyrin and the TiO2 surface and of porphyrin 
aggregation.5b,vi  For instance, argument that the identity of anchoring groups has little 
influence on the incident photon-to-current efficiency (IPCE) of porphyrin-sensitized 
TiO2 cells was suggested,vii whereas strong dependence of the performances of the TiO2 
cells on the nature of spacer between the porphyrin and the TiO2 surface was also 
demonstrated.6  Thus, the various arguments arise from lack of detailed knowledge on 
the role of spacer including anchoring group during photoinduced interfacial 
electron-transfer event in porphyrin-sensitized TiO2 cell.  
     In this chapter, the first syntheses, structures of porphyrin films on the TiO2, and 
photovoltaic properties of porphyrins with different 5-membered heteroaromatic spacers 
9 
(Zn5S, Zn5O, and Zn4S), as 
illustrated in Figure 1, are 
reported. meso-Tetrasubstituted 
porphyrins are chosen as a 
sensitizer in this study.  One 
carboxylic group as an 
anchoring group is attached on 
the meso-5-membered 
heteroaromatic moiety to 
guarantee the single anchorage 
of the porphyrin molecule on 
the TiO2.  Three methyl 
groups are introduced into 
2,4,6-positions of three meso-phenyl groups of the porphyrin.  The resulting large 
steric hindrance around the porphyrin is expected to reduce the aggregation of the 
porphyrin molecules on the TiO2, leading to the suppression of undesirable quenching 
of the porphyrin excited singlet state and eventually efficient photocurrent generation.viii  
More importantly, a 5-membered heteroaromatic ring is employed as a bridge for 
connecting the porphyrin core and the anchoring group, and thereby systematically 
tailoring the electronic coupling between the porphyrin and the TiO2 surface.  Both 
relative positions of the anchoring group (i.e., 4- vs 5-position) and the different 
heteroatoms (i.e., sulfur vs oxygen) on the bridge molecule would have a large impact 
on structures of the porphyrin films on the TiO2 and photovoltaic properties of the 
porphyrin-sensitized TiO2 cells.  Although porphyrins with meso-heteroaromatic 
groups have displayed unique physicochemical properties,ix a systematic comparison of 
film structures on the TiO2 and photovoltaic properties of porphyrins with different 
heteroaromatic spacers has never been reported.  Thus, the elucidation of a close 
 



































relationship between the molecular structure, the structure of the porphyrin film on the 
TiO2, and the cell performance are anticipated in this study.   
 
Results and Discussion 
Synthesis.  The syntheses of the porphyrins with meso-5-membered heteroaromatic 
carboxylic acid were all accomplished by the Lindsey methods.x  In these methods, 
selection of appropriate aldehydes is the starting point for synthesizing target porphyrins.  
Synthetic routes of Zn5S, Zn5O, and Zn4S are displayed in SCHEMES 1 and 2.   
SCHEME 1 
CHO












XOHC CO2CH3 + +












































9 Zn4S (95 %)(92 %)  
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For Zn5S and Zn5O, condensation of 1 or 4 with 2,4,6-trimethylbenzaldehyde and 
pyrrole afforded mixtures of several porphyrins (SCHEME 1).  
Methoxycarbonylporphyrins 2 and 5 were separated by column chromatography and 
then hydrolyzed to give porphyrin carboxylic acid 3 and 6, respectively.  
Zincporphyrins Zn5S and Zn5O were obtained by treatment of 3 and 6 with zinc acetate.  
For Zn4S, condensation of 7 with 2,4,6-trimethylbenzaldehyde and pyrrole yielded a 
mixture of several porphyrins (SCHEME 2).  Cyanoporphyrin 8 was purified by 
column chromatography and then hydrolyzed to give porphyrin carboxylic acid 9.  
Zincporphyrin Zn4S was prepared from 9.  Structures of the new compounds were 
verified by spectroscopic analyses including 1H NMR and mass spectra.   
 
 
Figure 2.  UV-visible absorption spectra of Zn5S (solid), Zn5O (dotted), and Zn4S 
(dashed) in ethanol with 2.1×10-6 M concentration.  The spectra are normalized at 
the Soret band for comparison (Zn5S, ×1; Zn5O, ×2.2; Zn4S, ×0.80).   
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TABLE 1: Optical and Electrochemical Data for Porphyrins and Driving Forces 
for Electron Transfer Processes on TiO2. 
 
λaabs 

































1.00 -1.41 - 1.06 - 0.56 - 0.50 
a Wavelengths for Soret and Q bands absorption maxima in ethanol.  b Wavelengths for 
emission maxima in ethanol by exciting at Soret wavelength. c Redox potentials (vs NHE). 
d Excited-state oxidation potentials approximated from Eox and E00 (vs NHE). e Driving 
forces for electron injection from the porphyrin excited singlet state (Eox*) to the 
conduction band of TiO2 (-0.5 V vs NHE). f Driving forces for the regeneration of the 
porphyrin radical (Eox) by I-/I3- redox couple (+0.5 V vs NHE). 
 
 
Optical and Electrochemical Properties in Solution.  All the porphyrins displayed 
the characteristic spectral pattern of metalloporphyrin.  The UV-visible absorption 
spectra of Zn5S, Zn5O, and Zn4S in ethanol are shown in Figure 2.  The peak 
positions of the Soret and Q bands in ethanol are summarized in Table 1.   
The peak positions of the Soret bands (424-425 nm) are similar, but the Soret 
bands become broad in the order of Zn4S, Zn5S, and Zn5O.  The Q(0,0) band for 
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Zn5O is slightly red-shifted (604 nm) compared with those for Zn5S (600 nm) and 
Zn4S (601 nm), while the peak positions of the Q(1,0) band (558-559 nm) are virtually 
the same.  The broadened Soret and slightly red-shifted Q-band for Zn5O result from 
smaller size of the furan bridge than the thiophene.  It makes the dihedral angle 
between the porphyrin core and the furan bridge smaller than those between the 
porphyrin core and the thiophenes, leading to the large degree of conjugation in Zn5O 
(vide infra).xi  The slightly widened Soret band of Zn5S relative to that of Zn4S may 
originate from a larger conjugation between the porphyrin core and the thiophene in 
Zn5S than in Zn4S.  The steady-state fluorescence spectra of the porphyrins were 
measured in ethanol and the wavelengths for emission maxima are listed in Table 1.  
The emission maxima for Zn5O are slightly red-shifted compared to those for Zn5S and 
Zn4S, which is consistent with the results on the UV-visible absorption spectra.  From 
the intercept of the normalized absorption and emission spectra, the zeroth-zeroth 
energies (E00) are determined to be 2.05 eV for Zn5S, 2.04 eV for Zn5O, and 2.06 eV 
for Zn4S.3d 
The first oxidation potentials (Eox) and first reduction potentials (Ered) of the 
porphyrins were measured by using cyclic voltammetry.  All porphyrins showed 
well-resolved and reversible one-electron redox waves and the results are listed in Table 
1.  The highest occupied molecular orbital-lowest unoccupied molecular orbital 
(HOMO-LUMO) gap for Zn5O (2.34 eV) is smaller than those for Zn5S (2.40 eV) and 
Zn4S (2.41 eV), which is in good agreement with the results on the UV-visible 
absorption and emission spectra.   
From spectroscopic and electrochemical measurements, driving forces for 
electron injection from porphyrin excited singlet state to the conduction band (CB) of 
TiO2 (-0.5 V vs NHE)xii (ΔGinj) and for the regeneration of the porphyrin radical cation 
by I-/I3- couple (0.5 V vs NHE)12 (ΔGreg) for the porphyrin-sensitized TiO2 cells were 
determined (Table 1).  Both of the processes are thermodynamically feasible and the 
14 
difference in the driving forces for the three systems are virtually negligible.xiii  
 
Density Functional Theory (DFT) Calculations.  DFT calculations were employed 
to gain the insight into the equilibrium geometry and electronic structure of the 
porphyrins (Figure 3).  The core of each porphyrin displays analogous electronic 
structure.  However, switching the heteroatom in the bridge (Zn5S vs Zn5O) or 
changing the position of 
carboxylic acid (Zn5S vs 
Zn4S) causes considerable 
variations in the electron 
densities on the spacers.  
They progressively increase in 
the order of Zn4S < Zn5S < 
Zn5O with a decrease in the 
dihedral angles between the 
porphyrin plane and the 
meso-heteroaromatic ring: 80o 
(Zn4S) > 73o (Zn5S) > 41o 
(Zn5O).  The DFT results 
agree well with the 
abovementioned optical and 








Porphyrin Adsorption on 
the TiO2.  Mesoporous TiO2 films (10 μm thickness) were prepared from colloidal 
suspension of TiO2 nanoparticles (P25) (See, Experimental Section).  The TiO2 
electrodes were immersed into ethanol containing 0.2 mM porphyrin at room 
temperature to give porphyrin-modified TiO2 electrodes (denoted as TiO2/Zn5S, 
Figure 3.  (a) HOMO and (b) LUMO of Zn5S, (c) 
HOMO and (d) LUMO of Zn5O, and (e) HOMO and 
(f) LUMO of Zn4S calculated by DFT methods with 
B3LYP/3-21G (d). 
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TiO2/Zn5O, and TiO2/Zn4S).  Total amounts of the porphyrins adsorbed on the TiO2 
films were determined by measuring absorbance of the porphyrins that were dissolved 
from the porphyrin-adsorbed TiO2 films into DMF containing 0.1 M NaOH.  Taking 
into account the surface area of P25 (54 m2 g-1),xiv the porphyrin densities (Γ) on the 
actual surface area are determined from the total amounts of the porphyrins adsorbed on 
the TiO2 films.   
     To establish the adsorption behavior of the porphyrins on the TiO2 surface, the 
time dependence of the Γ value for the porphyrin adsorption in ethanol was examined  
firstly (Figure 4).  The initial adsorption rates of Zn5S and Zn5O are fast and similar, 
but the Γ values reach to different, constant maxima of 4.7 × 10-11 mol cm-2 and 6.9 × 
10-11 mol cm-2, respectively (Table 2).  In contrast, the Γ value of Zn4S increases 
slowly by increasing the immersing time to become saturated for 12 h (Γ=2.0 × 10-11 
mol cm-2).  The large adsorption rates of Zn5S and Zn5O relative to that of Zn4S are 
consistent with the large electron densities of the spacer in Zn5S and Zn5O in 
comparison with that of Zn4S calculated by DFT methods (Figure 3).  Ruthenium dyes 
and porphyrins are 
known to make 




with densely packed, 
vertical and 
horizontal 
orientations to the 
TiO2 surface, Γ 
values are 
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Figure 4.  Time profiles of the surface coverage (Γ) of 
Zn5S (circle), Zn5O (square), and Zn4S (triangle) on the 
TiO2 electrode for different immersing time in ethanol. 
calculated to be 1.2 × 10-10 mol cm-2 and 6.0 × 10-11 mol cm-2, respectively.  Taking 
into account the calculated Γ values together with the adsorption behavior of Zn5S and 
Zn5O, both Zn5S and Zn5O molecules are tilted toward the TiO2 surface to yield 
densely packed porphyrin monolayers.  The small saturated Γ value of Zn4S relative to 
that for the horizontal orientation results from the formation of a loosely packed 
monolayer of Zn4S on the TiO2 surface, owing to the weak binding ability of the 
carboxylic acid due to little electron density on the spacer of Zn4S. 
 














TiO2/Zn5S  4.7±0.1 3.1±0.2 
(1 h)b 
7.2±0.2 0.67±0.02 0.67±0.04 65±3c 
TiO2/Zn5O  6.9±0.1 2.3±0.2 
(2 h)b 
5.8±0.2 0.62±0.02 0.65±0.04 55±3d 
TiO2/Zn4S  2.0±0.1 1.8±0.3 
(12 h)b 
4.3±0.3 0.62±0.03 0.67±0.04 34±4c 
a Saturated, maximum Γ value.  b Numbers in parentheses represent the immersing time for 
the porphyrin adsorption in ethanol.  c At 420 nm.  d At 430 nm. 
 
Spectroscopic Characterization of Porphyrin Films on TiO2.  To gain further 
insight into the structures of the porphyrin monolayers on the TiO2 surface, absorption 
spectra were measured at the initial (solid line in Figure 5) and final (dashed line in 
Figure 5) stages of the equilibrated coverage for TiO2/Zn5S (1 and 12 h), TiO2/Zn5O (2 
and 12 h), and TiO2/Zn4S (12 and 24 h).  Thickness of the TiO2 substrate was adjusted 
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Figure 5.  UV-visible absorption spectra of (a) TiO2/Zn5S for the immersing time of 1 h 
(solid line) and 12 h (dashed line), (b) TiO2/Zn5O for the immersing time of 2 h (solid 
line) and 12 h (dashed line), and (c) TiO2/Zn4S for the immersing time of 12 h (solid line) 
and 24 h (dashed line) in ethanol.  Thickness of the TiO2 films was adjusted to be 0.7 – 
1.0 μm to obtain the shape and peak position of the spectra accurately.   
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to be 0.7 – 1.0 μm to obtain the shape and peak position of the whole spectra accurately.  
The peak positions of TiO2/Zn5S, TiO2/Zn5O, and TiO2/Zn4S are virtually similar for 
the different immersing times, whereas the difference in the shape of the Soret bands at 
the initial and final stages of the equilibrated coverage become large in the order of 
TiO2/Zn4S, TiO2/Zn5O, and TiO2/Zn5S.  It should be noted here that the splittings of 
the Soret bands arising from the exciton coupling of the porphyrinsxv are observed for 
TiO2/Zn5S (λmax=411, 434 nm) and TiO2/Zn5O (λmax=411, 433 nm), while TiO2/Zn4S 
exhibits a single Soret band (λmax=427 nm), of which the peak position is slightly 
red-shifted from that in ethanol (λmax=424 nm).  These results agree well with the 
formation of densely packed porphyrin monolayers for TiO2/Zn5S and TiO2/Zn5O and 
of loosely packed monolayer for TiO2/Zn4S. 
     ATR-FTIR spectroscopy is known to be a useful tool for gaining the information 
on the binding mode of the molecules adsorbed on the TiO2 surface.xvi  In this study, 
the interpretations for the ATR-FTIR spectra of the porphyrin monolayers are aided by 
comparison with the FTIR spectra of the corresponding porphyrin powder in a KBr 
pellet.  Figure 6 shows the FTIR spectra of Zn5S and Zn5O and the ATR-FTIR spectra 
of TiO2/Zn5S and TiO2/Zn5O.  The reliable ATR-FTIR spectrum of TiO2/Zn4S could 
not be obtained probably because of the low coverage of Zn4S on the TiO2 due to the 
weak binding ability of the anchoring group to the TiO2.  Both FTIR spectra of Zn5S 
and Zn5O reveal the characteristic band of ν (C=O) of the carboxylic acid group at 
around 1700 cm-1 (Figure 6a, c).xvii  This diagnostic for the ν (C=O) disappears for the 
ATR-FTIR spectra of TiO2/Zn5S and TiO2/Zn5O.  The ATR-FTIR spectra of 
TiO2/Zn5S and TiO2/Zn5O exhibit a marked increase in symmetric carboxylate band, ν 
(COOs-), at around 1400 cm-1 (Figure 6b, d).  A band can be assigned for asymmetric 
carboxylate, ν (COOas-), at around 1600 cm-1 for TiO2/Zn5S and TiO2/Zn5O also gains 
intensity, but is not so significant as that for ν (COOs-).  The disappearance of ν (C=O) 
and the increased intensities of ν (COOs-) and ν (COOas-) demonstrate that a proton is 
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detached from the carboxylic acid group during the adsorption of the porphyrin on the 
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Figure 6.  FTIR spectra of (a) Zn5S and (c) Zn5O in a KBr pellet and ATR-FTIR 
spectra of (b) TiO2/Zn5S (Γ=(4.7±0.1)×10-11 mol cm-2) and (d) TiO2/Zn5O (Γ=(6.9±
0.1)× 10-11 mol cm-2) with 10 μm-thickness TiO2 films.  The TiO2/Zn5S and 
TiO2/Zn5O electrodes were prepared by immersing the TiO2 films into the porphyrin 
ethanol solutions for 1 and 2 h, respectively.  ATR-FTIR spectra of porphyrin 
monolayers on the TiO2 were referenced to the spectra of blank TiO2 film.  Before 
measurements, the blank TiO2 film was heated to 100 oC for 10 min to remove adsorbed 
water. 
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To further shed light on the adsorption states of porphyrins on the TiO2 surface, XPS 
measurements were performed for TiO2/Zn5S, TiO2/Zn5O, and TiO2/Zn4S together with 
the samples of the corresponding porphyrin multilayers prepared by casting the 
porphyrin solutions onto the TiO2 (denoted as TiO2/Zn5SM, TiO2/Zn5OM, and 
TiO2/Zn4SM).  All porphyrin molecules in the monolayer directly contact with the TiO2 
surface, whereas most of the molecules in the multilayer are anticipated to have no 
interaction with the surface.   
 
Figure 7.  X-ray photoelectron O1s spectra of (a) TiO2/Zn5SM and (b) TiO2/Zn5S and X-ray 
photoelectron S2p spectra of (c) TiO2/Zn5SM and (d) TiO2/Zn5S.  The TiO2/Zn5S electrode was 
prepared by immersing the TiO2 film into the porphyrin ethanol solution for 1 h.  The TiO2/Zn5M 
electrode was prepared by casting the porphyrin ethanol solution onto the TiO2.  The spectra are 
normalized for comparison.   
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Figure 7 shows the X-ray photoelectron O1s and S2p spectra of TiO2/Zn5S and 
TiO2/Zn5SM.  The O1s spectrum of TiO2/Zn5SM exhibits three chemically different 
peaks (Figure 7a).  The most intense peak appearing at 530.2 eV can be assigned to the 
oxygen atom of the TiO2 surface.xviii   The peaks arising at 531.9 and 533.6 eV 
originate from the oxygen atoms of the carbonyl group and of the hydroxy group in the 
carboxylic acid, respectively.xix   The O1s spectrum of TiO2/Zn5S (Figure 7b), in 
contrast to that of TiO2/Zn5SM, reveals the same two O1s peaks as those for the XPS 
spectrum of TiO2/Zn5SM, with the disappearance of the peak at 533.6 eV.  The 
comparison also supports that the hydroxy group loses a proton during the adsorption on 
the TiO2, and consequently the two oxygens in the carboxylate bind to the TiO2 surface 
with the same binding energy,xx which is in good agreement with the results on the 
ATR-FTIR spectra (vide supra).  S2p of thiophene typically shows one pair of peaks at 
164.0 and 165.2 eV by spin-orbit split, and the ratio of intensity is 2:1.xxi  This 
fingerprint for S2p from the XPS spectrum of TiO2/Zn5SM is also found (Figure 7c).  
The S2p spectrum of TiO2/Zn5S (Figure 7d), which is unlikely to TiO2/Zn5SM, displays 
one additional pair of peaks at 164.8 and 166.0 eV with the intensity ratio of 2:1 as well 
as the pair of peaks at 164.0 and 165.2 eV.  This implies that the sulfur atom in 
TiO2/Zn5S is not necessarily equivalent with that in TiO2/Zn5SM.xxii  The Ti4+ cation in 
the TiO2 surface has a Lewis-acidic character,xxiii and the sulfur atom in the bridge of 
Zn5S holds the lone pair of electrons.  This leads to coordination of the sulfur atom via 
the lone pair to Ti4+ cation.xxiv  The Zn5S is, therefore, envisaged to possess 2-fold 
adhesive interactions with the TiO2: one by the sulfur atom in the bridge and the other 
by the carboxylic acid.  Under these circumstances, the Zn5S molecule tilts heavily 
toward the plane of the TiO2 surface, resulting in the low saturated Γ value compared to 
that for the Zn5O (vide supra).   
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Figure 8 displays the XPS spectra for O1s of TiO2/Zn5O and TiO2/Zn5OM.  For 
TiO2/Zn5OM (Figure 8a), each XPS peak for the O1s appears at 530.2, 531.5, 532.4, and 
533.4 eV.  The peaks at 530.2, 531.5, and 533.4 eV can be attributed to the oxygen 
atoms from the TiO2 surface, the carbonyl group, and the hydroxy group, 
respectively,18,19 as in the case for 
TiO2/Zn5SM.  The peak at 532.4 
eV can be assigned to the oxygen 
atom of furan in the bridge.  For 
TiO2/Zn5O (Figure 8b), the three 
O1s peaks at 530.2, 531.5, and 
532.4 eV are appeared with the 
disappearance of the O1s peak at 
533.4 eV, as seen for the 
comparison of XPS spectra of 
TiO2/Zn5SM and TiO2/Zn5S.20  
It is noteworthy that the XPS 
peak arising from the interaction 
between the oxygen atom of the 
furan bridge and the TiO2 surface 
could not be detected.  This 
suggests that the Zn5O molecule 
does not tilt heavily toward the 
TiO2 surface relative to the Zn5S, 
which also agrees well with the 
large saturated Γ value of Zn5O 
compared to that of Zn5S (vide 
supra).  On the other hand, 
Figure 8.  X-ray photoelectron O1S spectra 
of (a) TiO2/Zn5OM and (b) TiO2/Zn5O.  The 
TiO2/Zn5O electrode was prepared by 
immersing the TiO2 films into the porphyrin 
ethanol solutions for 2 h.  The TiO2/Zn5OM 
electrode was prepared by casting the 
porphyrin ethanol solution onto the TiO2.  The 
spectra are normalized for comparison. 
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comparison of the XPS spectra of TiO2/Zn4SM and TiO2/Zn4S could not be performed, 
because the sample of TiO2/Zn4S did not give a satisfactory XPS spectrum due to the 
low coverage of the Zn4S on the TiO2. 
Photovoltaic and Photoelectrochemical Properties of Porphyrin-Sensitized TiO2 
Cell.  Since the photovoltaic performance of dye-sensitized solar cell strongly depends 
on the TiO2 preparation and electrolytes, the cell performance with N719 dye as a 
reference system under the present conditions employing P25 TiO2 film was firstly 
examined.  A 10-μm-thick TiO2 electrode was modified with N719 (0.2 mM) in 
t-butanol and acetonitrile (1:1) for 12 h.  Current-voltage characteristics were 
measured using the N719 modified electrode and a Pt counter electrode under AM 1.5 
conditions.  The η value is derived from the equation: η = JSC × VOC × ff in where η is 
the power conversion 
efficiency, JSC is the 
short circuit current, 
VOC is the open circuit 
potential, and ff is the 
fill factor.  
N719-sensitized cell 
yields 6.5 % of η value 
with 14.0 mA cm-2 of 
JSC, 0.74 V of VOC, and 
0.63 of ff (Figure 9).  
Except for VOC, the cell 
shows rather inferior 
performance compared 
with the reported 
results.3h 
Figure 9.  Photocurrent-voltage characteristics of 
N719-sensitized TiO2 cell (η = 6.5 %, Jsc = 14.0 mA 
cm-2, Voc = 0.74 V, ff = 0.63).  Conditions: 
electrolyte 0.1 M LiI, 0.05 M I2, 0.6 M 
2,3-dimethyl-1-propyl imidazolium iodide, and 0.5 
M 4-t-butylpyridine in CH3CN.  Input power: AM 
1.5 under simulated solar light (100 mW cm-2). η = 
Jsc × Voc × ff. 
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     To further establish the cell performance of the porphyrin-sensitized solar cells 
under the present conditions using P25, the time dependence of η value for the 
adsorption of each porphyrin (0.2 mM) in ethanol was examined (Figure 10).  The 
η values of Zn5S- and Zn5O-sensitized cells increase rapidly by increasing the 
immersing time to reach maximum η values (ηmax) of 3.1% for 1 h and of 2.3% for 2 h.  
Further increase of the adsorption time leads to gradual decreases of the η values, 
reaching to constant η values of 1.9% and 1.2% for 12-18 h, respectively.  The initial 
time profiles of the η values correlate well with those of the Γ values (Figure 4), but the 
decreases of the η values do not match the saturated behavior of the Γ values as 
porphyrin monolayers.  The behaviors are believed to be associated with the increment 
in the degree of aggregation of porphyrins on the TiO2 surface along with the prolonged 
adsorption.  In contrast, the η value of the Zn4S-sensitized cell increases slowly by 
increasing the immersing time to reach a constant, maximum η value of 1.8% for 12 h.  
The trend of the η value parallels that of the Γ value for the Zn4S (Figure 4).  Table 2 
summarizes the photovoltaic 
performance of the 
porphyrin-sensitized TiO2 
cells under the optimized 
conditions exhibiting the 
ηmax value.  The 
current-voltage characteristics 
are also shown in Figure 11.  
The ηmax value increases in 
the order of Zn4S - (1.8%) < 
Zn5O- (2.3%) < Zn5S- (3.1%) 
sensitized cells.   
Figure 10.  Time profiles of the η values of 
Zn5S- (circle), Zn5O- (square), and Zn4S- 
(triangle) sensitized cells with the TiO2 
electrodes prepared under different immersing 
time for the porphyrin adsorption in ethanol. 
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The ηmax values are much smaller than that of N719-sensitized cells under the same 
experimental conditions.  The smaller ηmax values of the porphyrin-sensitized cells 
originate mainly from the small JSC values, which reflect the difference in the IPCE 
values of the porphyrin- and N719-sensitized cells.  The porphyrin-sensitized cells 
show slightly small VOC value compared with that of N719-sensitized cell, however, to a 
large extent, the three cells display rather similar VOC and ff values.  The trend of 
ηmax value matches the order of JSC.  Thus, the small ηmax value of the 
Zn4S-sensitized TiO2 cell relative to those of the Zn5S- and Zn5O-sensitized cells 
largely results from the small, saturated Γ value of TiO2/Zn4S compared to those of 
TiO2/Zn5S and TiO2/Zn5O (Figure 4).  It is noteworthy that the Zn5S-sensitized TiO2 
Figure 11.  Photocurrent-voltage characteristics under the optimized conditions 
exhibiting maximum η values for respective TiO2 cells.  (a) Zn5S-sensitized TiO2 
cell (ηmax = 3.1 %, Jsc = 7.2 mA cm-2, Voc = 0.67 V, ff = 0.67), (b) Zn5O-sensitized 
TiO2 cell (ηmax = 2.3 %, Jsc = 5.8 mA cm-2, Voc = 0.62 V, ff = 0.65), and (c) 
Zn4S-sensitized TiO2 cell  (ηmax = 1.8 %, Jsc = 4.3 mA cm-2, Voc = 0.62 V, ff = 0.67).  
Conditions: electrolyte 0.1 M LiI, 0.05 M I2, 0.6 M 2,3-dimethyl-1-propyl 
imidazolium iodide, and 0.5 M 4-t-butylpyridine in CH3CN.  Input power: AM 1.5 
under simulated solar light (100 mW cm-2). η = Jsc × Voc× ff. 
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cell exhibits larger η value than the Zn5O-sensitized cell, irrespective of the rather small, 
saturated Γ value of TiO2/Zn5S relative to that of TiO2/Zn5O.   
     A series of photocurrent action spectra are recorded and compared against the 
absorption spectra on the TiO2 (Figure 12).  The overall photoelectrochemical 
responses parallel the absorption feature of the porphyrin on the TiO2 (Figure 5), 
implying the involvement of the porphyrin moiety in the photocurrent generation.  
These results are in good agreement with the photoelectrochemical and photovoltaic 
behavior of porphyrin-sensitized TiO2 cells.4  The maximum IPCE (IPCEmax) value 
also increases in the order of Zn4S- (34%) < Zn5O- (55%) < Zn5S- (65%) sensitized 
cells, which correlates well with the trend of the ηmax value.  At longer wavelength 
Figure 12.  Action spectra of Zn5S-sensitized TiO2 cell (circle), Zn5O-sensitized TiO2 
cell (square), and Zn4S-sensitized TiO2 cell (triangle).  Each of the porphyrin-modified 
TiO2 electrodes was prepared under the same conditions exhibiting the maximum η 
values for the corresponding TiO2 cells.  Conditions: electrolyte 0.1 M LiI, 0.05 M I2, 
0.6 M 2,3-dimethyl-1-propyl imidazolium iodide, and 0.5 M 4-t-butylpyridine in CH3CN.  
Input power: AM 1.5 under simulated solar light (100 mW cm-2). 
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region (> 500 nm), the Zn5S-sensitized TiO2 cell displays a higher IPCE value than 
those of the Zn5O- and Zn4S-sensitized cells.  The photocurrent at the short and long 
wavelength regions stems from the porphyrin S2 and S1 states, respectively.  At present 
the rationale is not clear, but it may be associated with the difference in the interaction 
between the porphyrin excited singlet states2 and/or between the porphyrin excited 
singlet states and the TiO2 surface.xxv 
     To explain the difference in the ηmax and IPCEmax values of the Zn5S-, Zn5O-, 
and Zn4S-sensitized cells, the IPCE value is divided into three parts.  Namely, IPCE is 
defined as the following equation (1). 
 
        IPCE = LHE × APCE = LHE × φinj × ηcol                                 (1) 
 
where LHE (light harvesting efficiency) is the number of absorbed photons per the 
number of incident photons, APCE (absorbed photon-to-current efficiency) is the 
number of electrons collected in the external circuit per the number of absorbed 
photons, φinj is the quantum yield for electron injection from the porphyrin excited-state 
to the CB of the TiO2 electrode, and ηcol is the efficiency of the charge collection.  The 
APCE values at the Soret and Q bands regions for each of the porphyrin-sensitized TiO2 
cells are determined by literature proceduresxxvi (Table 3).  The Zn5S-sensitized TiO2 
cell exhibits a larger IPCE value than the Zn5O-sensitized one, irrespective of a rather 
small, saturated Γ value of TiO2/Zn5S relative to that of TiO2/Zn5O.  This indicates 
that the difference in the APCE values is responsible for the large IPCE value of the 
Zn5S-sensitized TiO2 cell relative to that of the Zn5O-sensitized cell.  APCEs of the 
two Zn4S-sensitized TiO2 cells with different Γ values are similar (Table 3), when 
taking into account light losses by multiple reflection at the interfaces of the TiO2 
electrode, scattering by the porous TiO2 network, and absorption by electrolyte.xxvii  
Therefore, small Γ value of TiO2/Zn4S compared with those of TiO2/Zn5S and 
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TiO2/Zn5O can be invoked to rationalize the small IPCE value of the Zn4S-sensitized 
TiO2 cell relative to those of the Zn5S- and Zn5O-sensitized TiO2 cells.  The 
photocurrent generation mechanism in the present cells is considered as follows.  First, 
ultrafast electron injection takes place from the porphyrin excited singlet state to the CB 
of the TiO2 electrode with the time constants ranging from <100 fs to ~10 ps.7,xxviii  I- 
in the electrolyte solution diffuses to the resulting porphyrin radical cation to give 
electrons with the time constant of ~10-8 s,1-7 yielding to the neutral porphyrin and I3-.  
The intermolecular quenching process is much faster than the charge recombination 
from the CB of the TiO2 electrode to the porphyrin radical cation with the time constant 
ranging from 10-4~10-1 s.7  I3- diffuses to the counter electrode to receive electrons to 
regenerate the initial state.  Thus, the IPCE values are limited by the initial electron 
injection and/or charge recombination between the electrons on the CB of TiO2 and I3-.  
Since the porphyrins are not involved in the latter process, the former process 
contributes the difference in the IPCE values.  Namely, the nonparallel rates of electron 
injection between the Zn5S- and Zn5O-sensitized cells may be attributed to the 
difference in the IPCE values.   Given the similar driving forces for the electron 
TABLE 3: APCE of Porphyrin-Sensitized Solar Cells. 
cell Γ / 10-11 mol cm-2 APCE(IPCE) / % 
65(65),a 48(31),b 82(25)c TiO2/Zn5S 4.7 
55(55),a 23(14),b 34(10)c TiO2/Zn5O 6.9 
36(34),a 38(14),b 78(10)c TiO2/Zn4S 2.0 
26(23),a 46(7),b 98(5)c TiO2/Zn4S 0.6 
a At 420 nm.  b At 560 nm.  c At 600 nm.    
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injection (Table 1), the difference in the electronic coupling between the two systems is 
likely to have an impact on the large IPCE value of the Zn5S-sensitized cell in 
comparison with the Zn5O-sensitized cell. xxix   However, the electron density of 
LUMO in the spacer of Zn5O is rather larger than that of Zn5S (Figure 4).  Thus, the 
dual electron-transfer pathways given by the sulfur atom residing in the bridge as well 
as by the carboxylic acid for the Zn5S-sensitized TiO2 cell against single pathway for 
the Zn5O-sensitized cell, accelerate the electron injection from the Zn5S excited singlet 
state to the CB of the TiO2 electrode, leading to the larger IPCE value are proposed 
(Figure 13).  The results obtained from optical spectroscopy, DFT calculations, dye 
coverage, ATR-FTIR spectroscopy, and XPS measurements are consistent with the 
additional electron injection pathway through the interaction between the sulfur atom in 




Novel porphyrins with meso 5-membered heteroaromatic spacers are designed and 
synthesized to evaluate the effects of the spacers on the structures of the porphyrin films 












Figure 13.  Schematic view of proposed adsorption geometry and electron transfer 
pathways of (a) Zn5S and (b) Zn5O on the TiO2 surface.  
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in spacers including switching one element (i.e., sulfur vs oxygen) in the bridge or 
changing the position of the anchoring group (i.e., 4- vs 5-position) are found to have 
significant effects on the dye coverage and the structures of the porphyrin monolayers 
on the TiO2 surface, and photovoltaic properties of the porphyrin-sensitized TiO2 cells.  
The high photovoltaic properties of the Zn5S-sensitized cell can be rationalized by the 
additional electron-transfer pathway through specific interaction between the sulfur 
atom inherent in the bridge and the TiO2 surface.  Theses findings will provide a useful 




General.  All solvents and chemicals were of reagent grade quality, purchased and 
used without further purification unless otherwise noted.  All of the reactions were 
carried out under nitrogen or argon atmosphere in the dark.  Column chromatography 
and thin-layer chromatography (TLC) were performed with UltraPure Silica Gel 
(230-400 mesh, SiliCycle) and Silica gel 60 F254 (Merck), respectively.  1H-NMR 
spectra were measured on a JEOL EX-400 (400 MHz) or a JEOL AL300 (300 MHz) 
spectrometer.  Matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF) 
mass spectra were made on a Shimadzu KOMPACT MALDI II using CHCA as a matrix.  
UV-vis absorption spectra were measured using a Perkin-Elmer Lambda 900 
UV/VIS/NIR Spectrometer with a spectroscopy grade ethanol.  FT-IR spectra were 
acquired using by a JASCO FT/IR-470 plus spectrometer with a KBr pellet.  Melting 
points were recorded on a Yanagimoto micro-melting point apparatus and were not 
corrected.   
Methyl 5-formylthiophene-2-carboxylate (1).  This procedure was based upon the 
literature protocol for similar compound. xxx   5-Formylthiophene-2-carboxylic acid 
(1.07 g, 6.9 mmol), sodium hydrogen carbonate (0.88 g, 10 mmol), and dimethyl sulfate 
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(1.3 mL, 14 mmol) were dissolved in hexamethylphosphoamide (5.5 mL) and heated at 
100 oC for 1h.  Subsequently, the reaction mixture was cooled to room temperature, 
extracted with diethyl ether, and then the solvent was removed in vacuo.  The crude 
product was purified by silica column chromatography (ethyl acetate/n-hexane = 1:4) to 
give 1 as a pale yellow solid (0.84 g, 4.9 mmol, 73 % yield).  Mp 87 oC; 1H NMR (400 
MHz, CDCl3) δ 9.98 (s, 1H), 7.84 (d, J=4.0 Hz, 1H), 7.73 (d, J=4.0 Hz, 1H), 3.94 (s, 
3H); IR (KBr) νmax 1670 cm-1 (CO aldehyde), 1730 cm-1 (CO ester); MS (MALDI-TOF) 
m/z 170.4 (M+H)+. 
5-(5-Methoxycarbonyl-2-thienyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrin (2).  
This procedure was based upon the literature protocol for similar compound. xxxi   
Methyl 5-formylthiophene-2-carboxylate (1) (0.39 g, 2.3 mmol), pyrrole (0.7 mL, 9.3 
mmol), and 2,4,6-trimethyl benzaldehyde (1.0 mL, 7.0 mmol) were dissolved in 
chloroform at room temperature.  Dry nitrogen was bubbled through the solution for 
30 min before adding boron trifluoride diethyl etherate (0.6 mL, 4.6 mmol).  The 
solution was stirred for 1h, then p-chloranil (2.33 g, 9.4 mmol) was added and stirring 
was continued for 1h.  After triethylamine (0.7 mL, 4.6 mmol) was added, the solvent 
was removed in vacuo.  Purification of the crude product by flash column 
chromatography on alumina (CHCl3) and subsequent column chromatography on silica 
gel (CH2Cl2/n-hexane = 1:1) and reprecipitation from CH2Cl2/hexane afforded 2 as a 
purple red solid (0.25 g, 0.32 mmol, 14 % yield).  Mp > 300 oC; 1H NMR (400 MHz, 
CDCl3) δ 8.95 (d, J=4.8 Hz, 2H), 8.70 (d, J=4.8 Hz, 2H), 8.63 (s, 4H), 8.18 (d, J=3.6 Hz, 
1H), 7.89 (d, J=3.6 Hz, 1H), 7.28 (s, 6H), 4.03 (s, 3H), 2.63 (s, 6H), 2.62 (s, 3H), 1.85 
(s, 6H), 1.84 (s, 12H), -2.52 (s, 2H); MS (MALDI-TOF) m/z 805.3 (M+H+). 
5-(5-Carboxy-2-thienyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrin (3).  To a 
solution of 2 (0.26 g, 0.32 mmol) in 2-propanol (118 mL) was added a solution of 
potassium hydroxide (1.97 g, 35 mmol) in water (29.5 mL).  The solution was refluxed 
for 2h.  After the reaction mixture was cooled to room temperature, aqueous 3M 
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hydrochloric acid was added until the color of reaction mixture turned to green from red.  
The solution was washed with saturated aqueous sodium bicarbonate and water, dried 
over anhydrous sodium sulfate, and then the solvent was removed in vacuo.  
Reprecipitation from CH2Cl2/hexane gave 3 as a purple red solid (0.24 g, 0.30 mmol, 
92 %).  Mp > 300 oC; 1H NMR (400 MHz, CDCl3) δ 8.97 (d, J=4.4 Hz, 2H), 8.72 (d, 
J=4.4 Hz, 2H), 8.63 (s, 4H), 8.26 (d, J=3.2 Hz, 1H), 7.94 (d, J=3.2 Hz, 1H), 7.28 (s, 6H), 
2.63 (s, 6H), 2.62 (s, 3H), 1.85 (s, 18H), -2.52 (s, 2H); MS (MALDI-TOF) m/z 791.0 
(M+H+). 
5-(5-Carboxy-2-thienyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrinatozinc(II) 
(Zn5S).  To a solution of 3 (36 mg, 0.046 mmol) in chloroform (60 mL) was added 
saturated methanolic solution of zinc acetate dihydrate (12 mL).  The solution was 
stirred at room temperature for 2h.  The reaction mixture was washed with water, dried 
over anhydrous sodium sulfate, and then the solvent was removed in vacuo.  
Reprecipitation from CH2Cl2/hexane gave Zn5S as a red solid (37 mg, 0.043 mmol, 
95 % yield).  Mp > 300 oC; 1H NMR (400 MHz, CDCl3) δ 9.14 (d, J=4.4 Hz, 2H), 8.78 
(d, J=4.4 Hz, 2H), 8.67 (s, 2H), 8.66 (s, 2H), 8.47 (d, J=3.6 Hz, 1H), 7.95 (d, J=3.6 Hz, 
1H), 7.27 (s, 6H), 2.60 (s, 9H), 1.81 (s, 6H), 1.78 (s, 12H); MS (MALDI-TOF) m/z 
854.0 (M+H+). 
Methyl 5-formylfuran-2-carboxylate (4).  5-Formylfuran-2-carboxylic acid (1.01 g, 
7.2 mmol) was dissolved in methanol (9.65 mL) with concentrated sulfuric acid (0.96 
mL) and heated at reflux for 6h.  After the reaction mixture was cooled to room 
temperature, methanol was removed by vacuum evaporator.  The resulting solid was 
extracted with diethyl ether and dried in vacuo.  Column chromatography on silica gel 
(ethyl acetate/acetone/hexane = 1:1:8) gave 4 as a yellow solid (0.99 g, 6.4 mmol, 89 % 
yield).  Mp 87-88 oC; 1H NMR (400 MHz, CDCl3) δ 9.81 (s, 1H), 7.27 (s, 2H), 3.96 (s, 
3H); IR (KBr) νmax 1672 cm-1 (CO aldehyde), 1727 cm-1 (CO ester); MS (MALDI-TOF) 
m/z 152.5 (M+H+).  
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5-(5-Methoxycarbonyl-2-furyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrin (5).  
This procedure was based upon the literature protocol for similar compound.31  Methyl 
5-formylfuran-2-carboxylate (4) (0.36 g, 2.3 mmol), pyrrole (0.7 mL, 9.3 mmol), and 
2,4,6-trimethyl benzaldehyde (1.0 mL, 7.0 mmol) were dissolved in chloroform at room 
temperature.  Dry nitrogen was bubbled through the solution for 30 min before adding 
boron trifluoride diethyl etherate (0.6 mL, 4.6 mmol).  The solution was stirred for 2h, 
then p-chloranil (2.33 g, 9.4 mmol) and stirring was continued for 2h.  After 
triethylamine (0.7 mL, 4.6 mmol) was added, the solvent was removed in vacuo.  
Purification of the crude product by flash column chromatography on alumina (CHCl3) 
and subsequent column chromatography on silica gel (CH2Cl2/hexane = 1:1) and 
reprecipitation from CH2Cl2/hexane afforded 5 as a purple red solid (0.13 g, 0.17 mmol, 
7 % yield).  Mp > 300 oC; 1H NMR (400 MHz, CDCl3) δ 9.05 (d, J=4.8 Hz, 2H), 8.74 
(d, J=4.8 Hz, 2H), 8.64 (d, J=4.8 Hz, 2H), 8.61 (d, J=4.8 Hz, 2H), 7.76 (d, J=3.6 Hz, 
1H), 7.32 (d, J=3.6 Hz, 1H), 7.28 (s, 6H), 4.05 (s, 3H), 2.63 (s, 6H), 2.62 (s, 3H), 1.86 
(s, 6H), 1.84 (s, 12H), -2.50 (s, 2H); MS (MALDI-TOF) m/z 790.9 (M+H+). 
5-(5-Carboxy-2-furyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrin (6).  To a 
solution of 5 (134 mg, 0.17 mmol) in 2-propanol (63 mL) was added a solution of 
potassium hydroxide (1.05 g, 18.7 mmol) in water (15.8 mL).  The solution was 
refluxed for 2h.  After the reaction mixture was cooled to room temperature, aqueous 
3M hydrochloric acid was added until the color of the reaction mixture turned to green 
from red.  The solution was washed with saturated aqueous sodium bicarbonate and 
water, dried over anhydrous sodium sulfate, and then the solvent was removed in vacuo.  
Reprecipitation from CH2Cl2/hexane gave 6 as a purple red solid (121 mg, 0.16 mmol, 
92 %).  Mp > 300 oC; 1H NMR (400 MHz, CDCl3) δ 9.08 (d, J=4.8 Hz, 2H), 8.76 (d, 
J=4.8 Hz, 2H), 8.64 (d, J=4.8 Hz, 2H), 8.61 (d, J=4.8 Hz, 2H), 7.89 (d, J=3.4 Hz, 1H), 
7.38 (d, J=3.4 Hz, 1H), 7.28 (s, 6H), 2.63 (s, 9H), 1.86 (s, 6H), 1.84 (s, 12H), -2.50 (s, 
2H); MS (MALDI-TOF) m/z 773.9 (M+H+). 
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5-(5-Carboxy-2-furyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrinatozinc(II) 
(Zn5O).  To a solution of 6 (80 mg, 0.10 mmol) in chloroform (100 mL) was added 
saturated methanolic solution of zinc acetate dihydrate (25 mL).  The solution was 
stirred at room temperature for 2h.  The reaction mixture was washed with water, dried 
over anhydrous sodium sulfate, and then the solvent was removed in vacuo.  
Reprecipitation from CH2Cl2/hexane gave Zn5O as a purple red solid (80 mg, 0.095 
mmol, 92 % yield).  Mp > 300 oC; 1H NMR (400 MHz, CDCl3) δ 9.12 (s, 2H), 8.77 (s, 
2H), 8.67 (s, 4H), 7.87 (s, 1H), 7.27 (s, 6H), 7.05 (s, 1H), 2.61 (s, 9H), 1.83 (s, 6H), 
1.78 (s, 12H); MS (MALDI-TOF) m/z 834.6 (M+H+). 
4-Cyanothiophene-2-aldehyde (7).  This procedure was based upon the literature 
protocol for similar compound.xxxii  4-bromothiophene-2-aldehyde (2.40 g, 13 mmol) 
and copper cyanide (2.24 g, 25 mmol) was dissolved in N,N’-dimethylformamide (50 
mL) and heated at 145 oC for 20h.  After the reaction mixture was cooled to room 
temperature, FeCl3•6H2O (16.50 g, 61 mmol) in water (12.2 mL) with hydrochloric acid 
(12M, 3.1 mL) was added.  The reaction mixture was heated at 75 oC for 30 min and 
then extracted with dichloromethane.  The combined extracts were washed with 
saturated aqueous sodium chloride and water, dried over anhydrous sodium sulfate, and 
then the solvent was removed in vacuo.  Purification of the crude product by silica 
column chromatography (ethyl acetate/hexane = 1:4) gave 7 as a white solid (1.32 g, 9.7 
mmol, 77 % yield).  Mp 83–84 oC; 1H NMR (400 MHz, CDCl3) 9.95 (s, 1H), 8.27 (s, 
1H), 7.94 (s, 1H); IR (KBr) νmax 1673 cm-1 (CO), 2232 cm-1 (CN); MS (MALDI-TOF) 
m/z 136.8 (M+H+). 
5-(4-Cyano-2-thienyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrin (8).  This 
procedure was based upon the literature protocol for similar compound.31  
4-Cyanothiophene-2-aldehyde 7 (0.59 g, 4.3 mmol), pyrrole (1.2 mL, 17 mmol), and 
2,4,6-trimethyl benzaldehyde (1.9 mL, 13 mmol) were dissolved in chloroform (350 
mL) at room temperature.  Dry nitrogen was bubbled through the solution for 30 min 
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before adding boron trifluoride diethyl etherate (1.1 mL, 8.4 mmol).  The solution was 
stirred for 1h, then p-chloranil (4.22 g, 17 mmol) was added and stirring was continued 
for 1h.  After triethylamine (1.2 mL, 8.5 mmol) was added, the solvent was removed in 
vacuo.  Purification of the crude product by column chromatography on silica gel 
(CH2Cl2/ hexane = 2:3) and reprecipitation from CH2Cl2/hexane afforded 8 as a purple 
red solid (0.46 g, 0.59 mmol, 14 % yield).  Mp > 300 oC; 1H NMR (400 MHz, CDCl3) 
δ 8.96 (d, J=4.8 Hz, 2H), 8.71 (d, J=4.8 Hz, 2H), 8.63 (d, J=4.8 Hz, 2H), 8.61 (d, J=4.8 
Hz, 2H), 8.32 (s, 1H), 8.03 (s, 1H), 7.28 (s, 6H), 2.63 (s, 6H), 2.62 (s, 3H), 1.85 (s, 6H), 
1.84 (s, 12H), -2.53 (s, 2H); IR (KBr) νmax 2229 cm-1 (CN); MS (MALDI-TOF) m/z 
771.7 (M+H+). 
5-(4-Carboxy-2-thienyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrin (9).  This 
procedure was based upon the literature protocol for similar compound. xxxiii   
Cyanoporphyrin 8 (163 mg, 0.21 mmo1) was dissolved in a mixture of hydrochloric 
acid (12M, 5.75 mL) and trifluoroacetic acid (9.59 mL).  The solution was refluxed for 
6h, and quenched with lump sodium bicarbonate.  Filtering, washing with water, and 
drying of resulting precipitate gave 9 as a red solid (158 mg, 0.20 mmol, 92 % yield).  
Mp > 300 oC; 1H NMR (400 MHz, CDCl3) δ 8.95 (d, J=4.8 Hz, 2H), 8.71 (d, J=4.8 Hz, 
2H), 8.64 (d, J=4.8 Hz, 2H), 8.62 (d, J=4.8 Hz, 2H), 8.41 (s, 1H), 8.12 (s, 1H), 7.28 (s, 
4H), 7.27 (s, 2H), 2.63 (s, 6H), 2.62 (s, 3H), 1.85 (s, 6H), 1.84 (s, 12H), -2.54 (s, 2H); 
MS (MALDI-TOF) m/z 789.9 (M+H+). 
5-(4-Carboxy-2-thienyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrinatozinc(II) 
(Zn4S).  To a solution of 9 (0.26 g, 0.32 mmol) in chloroform (425 mL) was added  
saturated methanolic solution of zinc acetate dihydrate (85 mL).  The solution was 
stirred at room temperature for 2h.  The reaction mixture was washed with water, dried 
over anhydrous sodium sulfate, and then the solvent was removed in vacuo.  
Reprecipitation from CH2Cl2/hexane gave Zn4S as a red solid (0.26 g, 0.31 mmol, 95 % 
yield).  Mp > 300 oC; 1H NMR (400 MHz, CDCl3) d 8.90 (d, J=6.0 Hz, 2H), 8.74 (d, 
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J=6.0 Hz, 2H), 8.70 (d, J=6.0 Hz, 2H), 8.67 (d, J=6.0 Hz, 2H), 8.07 (s, 1H), 7.66 (s, 1H), 
7.25 (s, 6H), 2.62 (s, 9H), 1.85 (s, 6H), 1.83 (s, 12H); MS (MALDI-TOF) m/z 852.2 
(M+H+). 
Optical Spectroscopy.  UV-visible absorption spectra of the porphyrins in ethanol and 
the porphyrin monolayers on the TiO2 electrodes were recorded using a Perkin-Elmer 
Lambda 900 UV/VIS/NIR Spectrometer.  Steady-state fluorescence spectra were 
acquired by a SPEX Fluoromax-3 Spectrofluorometer.  Spectroscopy grade ethanol 
was used for the measurements of UV-visible absorption and fluorescence spectra.   
Electrochemistry.  Electrochemical measurements were made using an ALS 630a 
electrochemical analyzer.  Redox potentials were determined in dichloromethane 
containing 0.1M tetrabutylammonium hexafluorophosphate (TBAPF6) at a scan rate of 
0.1 V s-1.  A glassy carbon working electrode, Ag/AgNO3 reference electrode, and Pt 
wire counter electrode were employed.  Ferrocene/ferrocenium (0.64 V vs NHE) was 
used as an internal standard for all measurements.  Dichloromethane was purifiedxxxiv 
just before use, and TBAPF6 was recrystallized from methanol.   
Density Functional Theory (DFT) Calculations.  Geometry optimization and 
electronic structure calculations of the porphyrins were performed using B3LYP 
functional and 3-21G (d) basis set implemented in the Gaussian 03 program 
package.xxxv  Molecular orbitals were visualized by GaussView 3.0 software.  
Preparation of Porphyrin-Modified TiO2 Electrode.  Mesoporous TiO2 films were 
prepared from a colloidal suspension of TiO2 nanoparticles (P25, Nippon Aerogel) 
dispersed in deionized water and Triton X-100.  The suspension was deposited on a 
transparent conducting glass (Asahi Glass, SnO2/F, 9.4 ohm/sq) by using doctor blade 
technique.  The films were annealed at 673 K for 10 min, followed by similar 
deposition and annealing (723 K, 2 h) for the 10-μm-thick TiO2 films.  The thickness 
of the films was determined using the surface roughness/profile measuring instrument 
(SURFCOM 130A, ACCRETECH).  The TiO2 electrodes were immersed into each of 
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the 0.2 mM ethanol solution of the porphyrins at room temperature.  After dye 
adsorption, the dye-coated electrodes were copiously rinsed with ethanol.  The 
amounts of the porphyrins adsorbed on the TiO2 films were determined by measuring 
absorbance at the Soret band of the dye molecules that were dissolved from the 
dye-adsorbed TiO2 films into DMF containing 0.1 M NaOH.  Porphyrin multilayer 
was prepared by successive dropping of the respective 0.2 mM ethanol solution of the 
porphyrins onto the TiO2 for the measurements of X-ray photoelectron spectra.   
Photovoltaic Measurements.  The photovoltaic measurements were performed in a 
sandwich cell consisting of the porphyrin-sensitized TiO2 electrode as the working 
electrode and a platinum-coated conducting glass as the counter electrode.  The two 
electrodes were placed on top of each other using a thin transparent film of Surlyn 
polymer (Dupont) as a spacer to form the electrolyte space.  A thin layer of electrolyte 
(0.1 M LiI, 0.05 M I2, 0.6 M 2,3-dimethyl-1-propylimidazolium iodide, and 0.5 M 
4-t-butylpyridine in acetonitrile) was introduced into the interelectrode space.  The 
IPCE values and photocurrent-voltage characteristics were determined by using a 
potentiostat (Bunko–Keiki Co., Ltd., model HCSSP-25) irradiated with simulated AM 
1.5 solar light (100 mW cm-2, Bunko–Keiki Co., Ltd., model CEP-2000).  All the 
experimental values were given as an average from six independent measurements. 
Fourier transform infrared (FTIR) and Attenuated total reflectance-Fourier 
transform infrared (ATR-FTIR) Measurements.  FTIR spectra for the porphyrins 
were acquired using by a JASCO FT/IR-470 plus spectrometer at a resolution of 1 cm-1 
by co-addition of 32 scans with a KBr pellet.  ATR-FTIR spectra for the adsorbed 
porphyrins on the TiO2 were collected by a Thermo Electron Corporation Nicolet 380 
FTIR with the Golden Gate diamond anvil ATR accessory at a resolution of 4 cm-1 by 
co-addition of 64 scans with the porphyrin monolayers.  ATR-FTIR spectra for the 
porphyrin monolayers were referenced to the spectra of blank TiO2 films.  All the 
samples for ATR-FTIR measurements were made by the same method for preparing the 
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porphyrin monolayers on the TiO2 electrodes (vide supra).   
X-ray Photoelectron Spectroscopy (XPS) Measurements.  The XPS data were 
acquired using an ULVAC-PHI 5500MT system equipped with Mg Kα X-ray source 
(1253.6 eV) and a hemispherical energy analyzer.  Samples were mounted on indium 
foil and then transferred to an analyzer chamber.  The electron takeoff angle was set at 
45 deg.  The pressure of the main XPS chamber was maintained at less than 1 × 10-8 
Torr during analysis.  All the XPS peak positions were referenced to the O1s peak of 
TiO2 substrate at 530.2 eV.  Peaks of interests were deconvoluted by 
Gaussian/Lorentzian mixed functions with PeakFit 4.12 program.  All the samples for 
XPS measurements were made by the same method for preparing the porphyrin 
monolayers and multilayers on the TiO2 electrodes.  
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Although porphyrins have strong Soret and moderate Q bands absorption properties, 
typically the absorption windows are narrow and thereby poorly matched to the solar light 
distribution.  This limits the light harvesting efficiency, the short circuit current (Jsc), and 
consequently the power conversion efficiency (η) of the porphyrin-sensitized solar cells.  
A strategy to tackle this problem is to make an unnecessarily strong and narrow Soret 
band broad and weak Q bands strong and to fill out the light absorption gap which 
typically lies in between 450 nm and 550 nm.  For instance, elongating the π-system and 
lowering the symmetry by meso- and β-naphthalene-fused porphyrin carboxylic acid 
materialized the improved η by 50 % relative to the non-fused counterpart.i  Extension of 
the porphyrin π-system by modifying a β position with olefinic linkage has been reported 
to be an effective method to broaden the absorption window,ii and this concept has been 
successfully applied to design the best performing porphyrin photosensitizers 
(η=7.1%).iii   
Another promising way for achieving it is to construct β, β’-edge fused 
porphyrin with quinoxaline moiety.  This strategy has been employed to construct a 
variety of model systems, especially for molecular wires.iv  Tailoring the electrochemical 
properties, accordingly the electronic properties of the system, by systematic switching of 
the substituents that are located outside of the porphyrin macrocycle, has been reported.v  
It typically affords rigid structure and well-defined molecular length as well as relatively 
broad absorption spectra.  Nevertheless, β, β’-edge fused porphyrins with quinoxaline 
moiety have never been employed for dye-sensitized solar cells.   
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In this chapter, synthesis and the optical, electrochemical, and photovoltaic 
properties of mono- and di-carboxyquinoxalino[2,3-β]porphyrins (ZnQMA and ZnQDA) 
for dye-sensitized solar cells are reported (Figure 1).  Both of the compounds are expected 
to have a broader absorption, compared with that of reference porphyrin without the 
carboxyquinoxalino moiety (ZnP), leading to the high value of Jsc and η.  Four 
meso-2,4,6-trimethylphenyl groups are introduced to provide the oxidative stability of the 
porphyrinsvi and to reduce the aggregation between the neighboring porphyrins adsorbed 
onto the TiO2 surface by the steric hindrance around the porphyrin core.  Only difference 
between the two molecules is the number of the peripheral carboxylic acid groups.  This 
alteration may make the electronic coupling of the structurally related porphyrins to the 
TiO2 surface different and affect the photoinduced electron transfer, thereby the 
photoelectrochemical and/or photovoltaic performances.  It is an effective approach to 
control the photoinduced 
electron-transfer properties by 
the subtle modifications in 
molecular structures.  As such, 
this study would afford a 
hands-on framework to devise 
novel photosensitizers for 


































Figure 1. Porphyrins used in this study  
Results and Discussion 
Synthesis.  The syntheses of the monocarboxyquinoxalino[2,3-β]porphyrin (ZnQMA) 
and dicarboxyquinoxalino[2,3-β]porphyrin (ZnQDA) were accomplished by the protocol 
explored by Crossley and co-workers.vii  A key step in this protocol is the dual Schiff base 
forming reaction between porphyrin 2,3-dione and diamine.  Synthetic routes to ZnQMA 
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and ZnQDA are displayed in SCHEME 1.  Starting compounds, 
5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrin 1, copper porphyrin 2, zinc 
porphyrin reference (ZnP), methyl 3,4-diaminobenzoate, and dimethyl 
4,5-diaminophthalate are known compounds and were prepared by the literature 
procedures. viii   One of the β positions of copper porphyrin 2 was nitrated by mild 
electrophilic substitution reaction.ix  Because the selectivity for the nitration to porphyrin 
periphery heavily depends on the identity of inner metal, free base porphyrin 1 was 
coordinated by copper (II) before the reaction.x  After obtaining the β-nitro copper 
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2,3-Dioxo-5,10,15,20-tetrakis(2,4,6-trimethylphenyl)chlorin 6 was prepared by the 
oxidation of the amino porphyrin 5 with Dess-Martin periodinane (DMP), which had 
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been generated through the hydrogenation of the β-nitro porphyrin 4 with sodium 
borohydride.  Since 5 and 6 are unstable compounds, both of them were directly 
employed for the respective next reactions. xi   The condensation of 6 with methyl 
diaminobenzoate and dimethyl diaminophthalate in pyridine xii  solution afforded the 
desired methoxycarbonylquinoxalino[2,3-β]porphyrin 7a and 
bis(methoxycarbonyl)quinoxalino[2,3-β]porphyrin 7b, respectively.  Both 7a and 7b 
were hydrolyzed under basic conditions to obtain the corresponding porphyrin carboxylic 
acids 8a and 8b, followed by the treatment of zinc acetate to yield ZnQMA and ZnQDA, 
respectively.  Zinc (II) insertion into porphyrins usually takes 30 min or more, but it 
needed about 18 h to complete the insertion of Zn atom into 8a and 8b.  In addition, the 
solution color changed from red to green by zinc metalation, which is in sharp contrast 
with the typical change in color (i.e., from red to pink) of the solution for 
tetraphenylporphyrins.  Drastic changes in the molecular structure and/or electronic 
structure of the porphyrins by the metalation are insinuated (vide infra).   Structures of all 
the new compounds were verified by spectroscopic analyses including 1H NMR, FT-IR 
and mass spectra. 
Figure 2 depicts 1H NMR spectra of ZnQMA, ZnQDA, 8a, and 8b in a mixture 
of acetone d6 and CD3OD.  Notably, the splitting patterns are different in the 
7,8,17,18-protons of ZnQMA (Figure 2a) and 8a (Figure 2c): Two skewed doublets for 8a 
are changed to a multiplet for ZnQMA; thus, the molecular symmetry along with the long 
axis is supposed to be broken due to the zinc insertion reaction.  However, 8a already has 
no formal symmetry along with the long axis due to the presence of single carboxylic acid 
group.  Therefore, it is understood that the nonplanarity that is resulted from the collective 
effects of unsymmetric molecular structure and zinc metalation is the origin of the 
phenonema.  However, similar occurrences could not be found in case for ZnQDA 
(Figure 2b) and 8b (Figure 2d).  The estimation of equilibrium geometry for ZnQMA and 
ZnQDA by DFT calculations also supports the results of 1H NMR spectroscopy (vide 
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infra).  To the best of the author’s knowledge, it is the first report of the distortion of the 
porphyrin macrocycle induced by rather long-distance substitutions along with zinc (II) 
metalation.  Complete structural analysis based on X-ray diffraction could not be 
performed due to the failure to obtain a high quality of single crystal.  
DFT Calculations.  DFT calculations were employed to gain insight into the equilibrium 
geometry and electronic structures for the frontier orbitals of the porphyrins.  The 




































X = CO2H, Y = H, M = Zn           for ZnQMA
X = CO2H, Y =  CO2H, M = Zn   for ZnQDA
X = CO2H, Y = H, M = H2           for 8a
X = CO2H, Y =  CO2H, M = H2   for 8b
5'
8'
Figure 2. Part of the 400 MHz 1H NMR spectra of (a) ZnQMA, (b) ZnQDA, (c) 8a, 
and (d) 8b in acetone d6 + CD3OD solution at 293 K.  The peaks in the aliphatic 
regions are omitted for clarity.  
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calculated structures do not show negative frequencies, implying that the optimized 
geometries are in the global energy minima.xiii  As expected from the results of 1H NMR 
spectroscopy, ZnQMA and ZnQDA are found to adopt saddle and planar structures in 
their respective optimized geometries (Figure 3).   
Porphyrins with D4h symmetry generally show energetically degenerate two 
lowest unoccupied molecular orbitals (LUMO+1, LUMO) and nearly degenerate two 
highest occupied molecular orbitals (HOMO, HOMO-1).  Degenerate energy levels of 
the LUMO and LUMO+1 of ZnP are split both in ZnQMA and ZnQDA, whereas the near 
degeneracy of the HOMO and HOMO-1 remains intact by the quinoxalino substitutions 
(Figure 4).  In addition, variations in energies by the structural modifications for the 
ZnQMA ZnQDA
Figure 3.  Optimized geometries for ZnQMA and ZnQDA estimated by 
DFT calculations with B3LYP/3-21G(d) with various viewing angles.  Meso 
substituents are omitted for clarity. 
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LUMO (-0.55 eV for ZnQMA and -0.63 eV for ZnQDA vs ZnP) are larger than those for 
the HOMO (-0.19 eV for ZnQMA and -0.27 eV for ZnQDA vs ZnP).  These results reveal 
that the substitutions onto the β, β’-edge of the porphyrins mainly affect the energy levels 
for the unoccupied orbitals of the porphyrins.  
 Figure 5 displays the electron density distributions of ZnQMA and ZnQDA in  
their respective LUMOs.  Sufficient electron densities around the carboxylic acid binding 





























Figure 5.  LUMOs of (a) ZnQMA and 
(b) ZnQDA calculated by DFT 
methods with B3LYP/3-21G(d). 
Figure 4.  Some sets of molecular orbital diagrams and corresponding energies for 
ZnQMA, ZnQDA, and ZnP estimated by DFT calculations with B3LYP/3-21G(d).  
The energies in eV are quoted with respect to the vacuum (1 Hartree = 27.2116 eV).
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excited state of dye and the 3d orbital of Ti 2.xiv
porphyrin and the carboxylic acid as well as the car
(Figure 5a) has larger electron density than those 
fast electron injection from the excited singlet 
compared with that for ZnQDA, leading to high c
that of ZnQDA are expected (vide infra).xv 
O   Bridging carbon atom between the 
boxylic acid on the LUMO of ZnQMA 
of ZnQDA (Figure 5b).   Accordingly, 
state of ZnQMA to the CB of TiO2 
ell performance of ZnQMA relative to 
50 
Figure 6.  UV-visible absorption spectra of ZnQMA (blue), ZnQDA (red), and ZnP 
(black) measured in 1μM of methanol solution. 
Optical and Electrochemical Properties.  Figure 6 displays the UV-visible absorption 
spectra of ZnQMA, ZnQDA, and ZnP in MeOH.  As expected from the molecular 
structure and DFT calculations, narrow-width Soret band of ZnP is dramatically 
broadened by introducing the substituents with aromatic and electron-withdrawing 
characters; the red-shifted and widened Q-bands for both ZnQMA and ZnQDA are 
clearly demonstrated.  The significant improvements of light harvesting capabilities by 
extensions of the π-systems are verified by comparing the relative ratio of integrated 
absorption cross section from 380 to 750 nm (ZnP : ZnQMA : ZnQDA = 1.000 : 1.070 : 
1.072).  Remarkable is the intense absorption arising between 435 and 500 nm for 
ZnQMA and ZnQDA, while there is no substantial absorption at the same region for ZnP.  
The neighborhood of 500 nm is the most abundant region of solar light spectrum, thus the 
utilization of the light in this area is particularly important.  Because the solvent 
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employed for the absorption measurements is methanol and it would occupy the fifth 
coordination site of the zinc, the observed absorption features of ZnQMA and ZnQDA are 
thought to be originated from the π-extension.  However, the probability to treat it as the 
indication of the self-assembly through the interactions between the zinc and the 
carboxylic acid group still cannot be ruled out.  To discern the cause of the widened and 
red-shifted optical features unambiguously, the UV-visible absorption spectra in toluene, 
a non-coordinating solvent, with different concentrations (1 ~ 10 μM) were measured.  
The absorption features display more or less similar trend with those measured in 





Figure 7 (a) ZnQMA and (b) ZnQDA measured in 
ene s ffere nce on .0 (sol  μM ( shed), 5.
M (dotted), and 10.0 μM (dashed dot).  UV-visible absorption spectra of (c) ZnQMA 
and (d) ZnQDA measured in 10.0 μM with the addition of 2.5 mM of pyridine (black). 
.  UV-visible absorption spectra of 
o itolu
μ
lution with d nt co ntrati s of 1  μM id), 2.5 da 0 
Optical length = 1 cm. 
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ion features of the porphyrins are 
interpreted by the configuration interaction of the electronic transitions between the two 
 
ZnQDA can still be found even after the addition of an excess amount of pyridine (2.5 
mM), a highly coordinating ligand to the zinc.  The observed optical features of ZnQMA 
and ZnQDA, therefore, should be invoked by the carboxyquinoxalino substitutions.  On 
the basis of the Gouterman’s four orbital model, absorpt
occupied orbitals (HOMO-1, HOMO) and the two unoccupied orbitals (LUMO, 
LUMO+1).xvi  Detailed optical features between ZnQMA and ZnQDA are not exactly the 
same, and it can be understood by nonequivalent configuration interaction caused by the 
difference in symmetry and/or planarity of the two macrocycles.   
 
 
TABLE 1:  Optical and Electrochemical Data for Porphyrins and Driving Forces 
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a Wavelengths for Soret and Q bands maxima in methanol.  b Wavelengths for emission 
maxima in methanol by exciting at Soret wavelength.  c Ground state redox potentials (vs 
d mated from Eox and E00 (vs NHE).   e 
yrin singlet excited state (Eox*) to the 
the regeneration of porphyrin radical 
 g Energies estimated with reference 
ns. 
NHE).   Excited-state oxidation potentials approxi
Driving forces for electron injection from the porph
CB of TiO2 (-0.5 V vs NHE).  f Driving forces for 
cation (Eox) by I-/I3- redox couple (+0.5 V vs NHE). 
to the oxidation potentials of the adsorbed porphyri
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The steady-state fluorescence spectra of the porphyrins we
the wavelengths for emission maxima are listed i
normalized absorption and emission spectra, 
(E00)xvii are determined to be 1.98 eV for ZnQMA
ZnP.  The fluorescence lifetimes (τ) of ZnQMA
methanol by the time-correlated single photo
wavelength of 650 nm with excitation at 400 n
intensity were fitted as a single exponential to giv
for ZnP, whereas the fluorescence lifetime fo
components with τ =0.73 ns (62 %) and τ =1.52 ns (38 %).  As electron injection 
processes from excited-state dyes to the TiO2 surf
time scale of 1012 - 1013 s-1,xviii the reduced fluor
re measured in methanol and 
n Table 1.  From the intersection of the 
the zeroth-zeroth excitation energies 
, 1.96 eV for ZnQDA, and 2.08 eV for 
, ZnQDA, and ZnP were measured in 
n counting technique at an emission 
m.  The decay curves of fluorescence 
e τ=0.99 ns for ZnQMA and τ =2.36 ns 
r ZnQDA could be analyzed by two 
ace have been reported to take place in a 
escence lifetime due to the quinoxalino 
substitutions would have little 
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gure 8.  Cyclic voltammograms for ZnP (b
QMA (blue), and ZnQDA (red) in C
ntaining 0.1M TBAP as a supporting electr
glassy carbon working electrode (3 
meter), Ag/AgNO3 reference electrode, an
re counter e
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To determine the first 
oxidation potential (Eox) and first 
reduction potential (Ered) of the 
 radical 
porphyrins in solutions, cyclic 
voltammetry measurements were 
performed in dichloromethane 
containing 0.1 M tetrabutylammonium 
perchlorate (TBAP) as a supporting 
electrolyte.  Both ZnQMA and ZnQDA 
show well-resolved reversible one- and 
two-electron oxidation waves, but the 
waves for the reduction are irreversible 
and vague (Figure 8).  ZnP displays 
two oxidation waves and one reduction 
wave under the same sweep conditions 
(+1.2 V to -2.1 V vs Ag/AgNO3).  
Differential pulse voltammerty (DPV) 
was applied to determine the redox 
potentials accurately (Figure 9), and 
the results are displayed in Table 1.  
Both ZnQMA and ZnQDA show two 
oxidation peaks corresponding to the 
porphyrin radical cation and
Figure 9.  Differential pulse 
(blue), and ZnQDA (red) in CH Cl  
pulse amplitude of 50 mV were used for 
measurem
voltammograms for ZnP (black), ZnQMA 
2 2
containing 0.1M TBAP as a supporting 
electrolyte.  Scan rate of 50 mV s-1 and 
ents.  Other conditions for 
measurements were the same for CV 
measurements.   
dication and two reduction peaks 
corresponding to the porphyrin radical 
anion and radical dianion, respectively.  
ZnP gives two oxidation peaks and one 
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reduction peak, as observed in the CV measurements.  The first oxidation peaks for both 
ZnQMA (0.98 V vs NHE) and ZnQDA (0.98 V vs NHE) are shifted to a more positive 
direction  
ca. 0.03 V from that of ZnP, whereas the 
first reduction peaks are shifted to a 
more positive direction by ca. 0.16 V for 
ZnQMA (-1.13 V vs NHE) and 0.24 V 
for ZnQDA (-1.05 V vs NHE) with 
respect to that of ZnP.  This corroborates 
that the carboxyquinoxalino substituents 






porphyrins, as suggested from the results 
of DFT calculations (vide supra).  
ZnQMA and ZnQDA are easier to be 
 than ZnP.  Recent study by 
et al. has also reported that the 
ions of the periphery of 
lino[2,3-β]porphyrins with 
-withdrawing groups result in 
lization of LUMO and narrowed 
mical HOMO-LUMO gaps are 
A, and 2.24 eV for ZnP, which is 
HOMO-LUMO gaps.  
yrins on the TiO2 surfaces was 
rbed porphyrins are estimated by 
2/ZnQMA electrode shows two 
mined to be +1.10 vs NHE for 
the stabi
electrochemical HOMO-LUMO gaps.5  The electroche
determined to be 2.11 eV for ZnQMA, 2.03 eV for ZnQD
consistent with the aforementioned trend for the optical 
orph
als e adso
av s.  TiO
ox w deter
Figure 10.  Cyclic voltammograms for 
TiO2/ZnQMA (blue) and TiO2/ZnQDA 
(red) in acetonitrile containing 0.1M 
TBAP at a scan rate of 100 mV s-1.  The 
porphyrin-modified TiO2 was employed as 
a working electrode along with the 
Ag/AgCl reference electrode (+0.197 V vs 
NHE) and Pt wire counter electrode.   
Cyclic voltammetry with the adsorbed p
o made (Figure 10).  Half-wave potentials for th
eraging the anodic and cathodic peak potential
idation aves, and the half-wave potentials are 
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porphyrin radical cation and +1.34 vs NHE for radical dication.  About 0.12 V of positive 
shift on the first oxidation potential is noted for ZnQMA after being adsorbed on the TiO2.  
This is the fingerprint for the electron-withdrawing character from the TiO2 to the 
porphyrin for forming the chemical bond.  Because ZnQDA holds two carboxylic acid 
groups, it is expected to make a far stronger chemical bond to the TiO2 surface compared 
with ZnQMA.  However, shifts in the first and second oxidation potentials for 
TiO2/ZnQDA are evidenced as the same magnitude as for TiO2/ZnQMA, indicating that 
one of the two carboxylic acid binding groups in ZnQDA has a very weak interaction to 
 vs NHE.  The growth of anodic and 
the TiO2
 +1.10 V
 surface and/or the binding groups in the two porphyrins utilize different 
adsorption modes onto the TiO2.  This aspect is studied in more detail by X-ray 
photoelectron spectroscopy measurement (vide infra).   
 Cyclic voltammograms for TiO2/ZnQMA under different scan rate conditions 
are shown in Figure 11.  Regardless of the scan rate employed, the half-wave potential for 
one-electron oxidation is determined to be
cathodic peak currents follows 
more or less the increment of 
square root of the scan rate.  For 
chemically adsorbed 
electroactive species, the 
voltammogram typically 
displays the symmetric anodic 
and cathodic current waves at 
the same peak potential 
irrespective of the scan rate; 
only the current is 
proportionally augmented with 






m shed dotted dotted).  The 
TiO2/ZnQMA electrode was prepared by 
immersing the TiO2 film into the porphyrin 
methanol solution for 1 h.   
gure 11.  Cyclic voltammograms for 
O2/ZnQMA with different scan rates of 25 
V s-1 (solid), 50 mV s-1 (dashed), 100 mV s-1 
otted), 200 mV s-1 (dashed dotted), and 400 
V s-1 (da
Although ZnQMA is adsorbed on the electrode, electron transport between the porphyrin 
and the back contact should occur through the highly porous TiO2 network.  The electron 
transport under this situation is believed to be controlled by diffusion,xx and therefore the 
anodic and cathodic peak potentials are not necessarily the same.  Progressive widening 
in the anodic and cathodic waves along with the increments of the scan rates is not yet 
fully understood, but changes in the diffusion coefficients of electrons depending on the 
scan rates would be the main reason; difference in the scan rates, thereby the different 
degrees of surface trap filling affects the motion of the electrons.xxi 
From spectroscopic and electrochemical measurements, driving forces for 
electron injection from porphyrin excited singlet state to the CB of TiO2 (-0.5 V vs 
NHE)xxii (ΔGinj) and the regeneration of porphyrin radical cation by I-/I3- redox couple 
(+0.5V vs NHE)22 (ΔGreg) for the porphyrin-sensitized solar cells are evaluated (Table 1).  
Both of the processes are thermodynamically feasible and the differences in the driving 
forces for the two systems are negligible. 
the porphyrins adsorbed on the 
Porphyrin Adsorption on 
TiO2.  Mesoporous TiO2 films 
(10-μm-thick) were prepared 
from a colloidal suspension of 
TiO2 nanoparticles (P25) (see 
Experimental Section).xxiii  The 
TiO2 electrodes were immersed 
into methanol containing 0.2 
mM porphyrin at room 
temperature to give 
 
electrodes.  Total amounts of 
porphyrin-modified TiO2
Figure 12.  Time profiles of the surface 
coverage (Γ) of ZnQMA (blue) and 
ZnQDA (red) on the TiO2 electrode for 
different immersing time in methanol 
solution.  
59 
TiO2 films were determined by measuring the changes in the absorbance of the porphyrin 
solutions before and after immersing the TiO2 films.  After the immersion, both the 
ZnQMA and ZnQDA dissolved in methanol make the TiO2 films green and reach 
saturated surface coverage (Γ) on the films for 0.5 - 1 h (Figure 12); the trend is very 
similar to the results in the chapter 1 on the surface coverage of similar porphyrins on the 
TiO2.1,23  Porphyrin concentrations on the TiO2 films (0.25 cm2 of area with thickness of 
10 μm) are determined to be about 1.1 × 10-10 mol cm-2.  Assuming the porphyrin 
monolayer has a densely packed and vertical orientation to the TiO2 surface, the Γ value is 
calculated to be 1.2 × 10-10 mol cm-2.  Taking into account the good agreement between 
the calculated and experimental Γ values together with the adsorption behavior of 
ZnQMA and ZnQDA, both of them are almost perpendicular to the TiO2 surface, leading 
to the densely packed monolayers of  ZnQMA and ZnQDA on the TiO2. 
 Carboxylic acid groups are known to be spontaneously adsorbed onto TiO2 
surfaces.   They form bidentate chelating, bidentate bridging, and/or ester-like binding 
Figure 13.  O1s XPS spectra for (a) ZnMQA and (b) ZnQDA on the TiO  surface.  The 
ersing
2
 the TiO2 film into the porphyrin modified TiO2 surface was prepared by imm
methanol solution for 1 h. 
with the TiO2 surfaces depending on the experimental conditions.xxiv  To gain detailed 
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information on the adsorption modes of the porphyrins on the TiO2 surface, X-ray 
photoelectron spectroscopy (XPS) measurements for TiO2/ZnQMA and TiO2/ZnQDA 
were made (Figure 13).  The O1s photoelectron spectrum of TiO2/ZnQMA (Figure 13a) 
same binding energy through bidentate coo
TiO2/ZnQDA (Figure 13b) shows four chemical
peak that appears at 530.2 eV is assigned to th
peak at 531.9 eV originates from carboxylate w
the intensity ratio of 2 : 1 : 1 among the three sma
TiO2, the remaining two peaks arising at 533.2 
oxygen atoms of carboxylate which coordinates 
in an ester-like monodentate manner.  The lar
monodentate O1s than that for bidentate O1
consistent with the results of the above-mention
TiO2/ZnQMA and TiO2/ZnQDA (vide supra).   
ZnQDA on the TiO2 
exhibits two distinct oxygen peaks.  The most intense peak (530.2 eV) originates from the 
oxygen from the TiO2 surface.xxv  The remaining peak (532.1 eV) can be assigned to the 
two oxygen atoms from the carboxylate that are anchored to the TiO2 surface with the 
rdination. xxvi   The O1s spectrum of 
ly nonequivalent oxygen signatures.  One 
e oxygen atom from the TiO2; the other 
ith bidentate coordination.  Considering 
ll peaks except for the large one from the 
and 534.7 eV can be assigned to the two 
weakly or adsorbs physically on the TiO2 
ger binding energy of the electron for 
s supports this interpretation.  This is 
ed cyclic voltammetry measurements for 
 From the collective 
results of the XPS and 
electrochemistry measurements, 
the adsorption geometries of 
ZnQMA and 
surface are proposed as illustrated 
in Figure 14. xxvii   Namely, 
carboxylic group in ZnQMA binds 
to the TiO2 surface with bidentate 




























of (a) ZnQMA and (b) ZnQDA on the TiO2 
surface. 
(a) (b)
Figure 14.  Proposed adsorption geometries 
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carboxylic group in ZnQDA binds to the TiO2 surface with bidentate coordination, while 
the other carboxylic group in ZnQDA binds to the TiO2 surface with monodentate 
coordination. 
 of Porphyrin-Sensitized TiO2 
s photosensitizers for DSSC, their 
  10-μm-thick TiO2 electrode was 
d with ZnQMA or ZnQDA (0.2 
issolved in methanol for the 
ing time of 0.5-12 h.  The p
Photovoltaic and Photoelectrochemical Properti
Cells.  To judge the potential of ZnQMA and ZnQDA 



























photocurrent-voltage characteristics of ZnQMA- and Zn
ciency (η) is derived 
e equation: η = JSC × VOC × ff, 
SC is the short circuit current, VOC 
pen circuit potential, and ff is the 
or.  The η values of ZnQMA- and 
-sensitized TiO2 cells show the 
ency on the immersing time, as 
d in the time profile of η values 
TiO2 cells modified with similar 
rin carboxylic acids1,23 (Figure 
 Figure 16 depicts the 
QDA-sensitized TiO2 cells under 
the respective maximal η conditions with immersing time of 1 h.   
ZnQMA-sensitized cell exhibits η=5.2% with JSC=11.2 mA cm-2, VOC=0.72 V, 
and ff =0.68, while ZnQDA-sensitized one yields η=4.0% with JSC=9.3 mA cm-2, 
VOC=0.67 V, and ff =0.64.  Both η values are smaller than that of N719-sensitized cell 
under our optimized conditions (η = 6.5 %, JSC = 14.0 mA cm-2, VOC = 0.74 V, ff = 0.63);23 
this result did not reach the level that had been reported by Grätzel et al. (η = 
Figure 15.  Time profiles of the η 
values of ZnQMA- (blue) and 
ZnQDA- (red) sensitized solar cells 
with the TiO2 electrodes prepared 
under different immersing time for 
porphyrin adsorption in methanol. 
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10-11 %).xxviii  Different photovoltaic performances even for the same dye sensitizer 
among the different groups is not unusual, and such differences are mainly explained by 




iO2.xxix  The smaller value of 
ized conditions.  W
and red-shif
to im
ance of porphyrins for 
dye-sensitized solar cell 
applications.  In the report,1 we have prepared the meso- and β-naphthalene-fused zinc 
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efficiency (η) of the NF-ZnP cell (η=4.1% with JSC=10.6 mA cm-2, VOC=0.62 V, and ff 
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Figure 17.  Molecular structures of 
and the
naphthalene-fused porphyrin, NF-ZnP 
 reference porphyrin, N-ZnP. 
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invoked by the improved JSC, and it was clearly demonstrated in the photocurrent action 
spectra.  To consider the similar molecular structures of ZnP and N-ZnP, π-extension by 
constructing β, β’-edge fused porphyrin would be a useful strategy to devise an efficient 
porphyrin photosensitizer for DSSC applications.   
Difference in the η values between the two porphyrin-sensitized solar cells 
primarily results from the nonparallel value of Jsc.  This trend can also be found in the 
photocurrent action spectra of ZnQMA- and ZnQDA-sensitized TiO2 cells (Figure 18a).  
The ZnQMA-sensitized TiO2 cell discloses superior incident photon-to-photocurrent 
efficiency (IPCE) to the ZnQDA-sensitized one in all wavelength regions.  Each of the 
photoelectrochemical responses follows the absorption feature of the corresponding 
porphyrin adsorbed on the electrodes (Figure 18b), indicating that the porphyrin is the 
main source for the photocurrent generation.  The maximal IPCE (IPCEmax) at the 
respective Soret and Q bands are 72 % (at Soret), 56 % (at Q(1,0)), and 52 % (at Q(0,0)) 
for ZnQMA-sensitized cell, and 64 % (at Soret), 41 % (at Q(1,0)), and 35 % (at Q(0,0)) 
for ZnQDA-sensitized one, respectively (Table 2).   
To rationalize the difference in η as well as IPCE between the two 
porphyrin-sensitized TiO2 cells, the IPCE is divided into three components as the 
following equation (1). 
IPCE = LHE × APCE = LHE × φinj × ηcol                                 (1) 
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Figure 18.  (a) Photocurrent action spectra of ZnQMA-sensitized TiO2 cell (blue) and 
ZnQDA-sensitized TiO2 cell (red) and (b) UV-visible absorption spectra of TiO2/ZnQMA 
(
(a) (b) 
blue) and TiO2/ZnQDA (red).  Each of the porphyrin-modified TiO2 electrodes was 
prepared under the same conditions for the power conversion efficiency (η) 
simulated solar light (100 mW cm ). 
measurements.  Conditions: electrolyte 0.1 M LiI, 0.05 M I2, 0.6 M 2,3-dimethyl-1-propyl 
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TiO  Cells at the Soret and Q Bands. 
 Cell APCE  (IPCE ) / %  
 TiO2/ZnQMA 80 (72),a 65 (56),b 61 (52) c  
 TiO2/ZnQDA 71 (64),  48 (41),  41 (35)   




ZnQMA cell should be anticipated to be larger than that for the ZnQDA cell, considering 
the strong electronic coupling between the LUMO of ZnQMA and the CB of the TiO2 
compared with that between the LUMO of ZnQDA and the CB of TiO2 (vide supra).  The 
ηcol primarily depends on the relative rates of charge transport against charge 
recombination.  The recombination between the injected electrons on the CB of the TiO2 
and the I-/I3- is known to be the main pathway for charge recombination in dye-sensitized 
solar cell systems.xxxi  To clarify the 
effect of the charge recombination, 
we measured the current-voltage 
characteristics under dark conditions 
(Figure 19).   
Obviously, the onset of the 
dark current for the ZnQMA cell 
appears at a more positive value than 
that for the ZnQDA cell, indicating 
that the degree of the charge 
Figure 19.  Current-voltage 
characteristics of ZnQMA- (blue) 
and ZnQDA-sensitized TiO2 cells 
(red) under dark conditions.  
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recombination for the ZnQDA cell is higher than that for the ZnQMA one.xxxii  Some of 
the protons of carboxylic acid groups are known to be transferred to the TiO2 surface 
during the adsorption, and it would induce the positive shift of the Fermi level of the 
TiO2.xxxiii   The decreased Fermi level indicates that there is a narrowed gap between the 
CB of the TiO2 and the redox level of the I-/I3-.  Namely, the proton-induced Fermi level 
shift would increase the overlap of the CB of the TiO2 with oxidized electrolyte.xxxiv  It 
hinders the efficient charge collection, and consequently makes the ηcol lower.  The 
ZnQDA holds one more carboxylic acid group compared with the ZnQMA.  The degree 
of the proton transfer, and thereby the degree of charge recombination for the 
iO2 cell is anticipated to be higher than that for the 
ZnQMA-sensitized one.  Because any source of charge recombination is known to have 
an effect to decrease V ,  we can also rationalize the smaller V  for ZnQDA cell than 
that for ZnQMA cell.  The open circuit potential (V ) is the maximum Gibbs free energy 
that can be attained from the given system and is defined as the energy difference between 
the Fermi level of the TiO  and the redox potential of the I /I  electrolyte for DSSC.  The 
lower value of V  for ZnQDA cell can be understood based on the positive shift of the 
Fermi level.  Grätzel et al. have reported that the influence of the number of transferable 
protons (4 protons for N3 dye, 2 protons for N719 dye, and 0 proton for N712 dye) on the 
J  and V  of DSSC; J  = 19±0.5 mA cm and V  = 0.60±0.03 V for N3, J  = 17±0.5 
mA cm  and V  = 0.73±0.03 V for N719, and J  = 13±0.5 mA cm  and V  = 
0.90±0.03 V for N712.   The highest V  value for N712 cell was explained by the 
negative shift of the Fermi level of the TiO .  The highest J  value for N3 cell was, in 
turn, rationalized by the positive shift of the Fermi level, which is considered to increase 
the photocurrent injection; a tradeoff between J  and V  in dye-sensitized TiO  cells 
due to the variations in the Fermi level was suggested.  This tradeoff relation, however, 
cannot be found in our present ZnQMA- and ZnQDA-sensitized solar cells.  Although the 























of the ZnQMA cell due to the more positively shifted Fermi level, it is compensated by 
oupling between the LUMO of ZnQMA and the CB of the TiO2 
tween the LUMO of ZnQDA and the CB of the TiO2.  The coplanarity of the 
Two β, β’-quinoxalino porphyrins containing different numbers of carboxylic acid 
binding groups have been synthesized and evaluated as photosensitizers for DSSC.  Both 
of the compounds showed broadened, red-shifted, and amplified light absorption with the 
aid of π-extensions.  Electrochemistry along with DFT calculations revealed that the 
low-lying LUMO by the substitutions is the main reason for the narrowed 
HOMO-LUMO gaps.  From the X-ray photoelectron spectroscopy, FTIR spectroscopy, 
and cyclic voltammetry studies for the adsorbed porphyrins, we proposed that one 
carboxylic acid employs bidentate binding mode to anchor ZnQMA onto the TiO2 surface, 
whereas the two binding groups in ZnQDA utilize one bidentate and one monodentate 
binding modes.  Photovoltaic measurements of the ZnQMA- and the ZnQDA-sensitized 
TiO cells with P25 revealed power conversion efficiencies of 5.2 % and 4.0 %, 
respectively.  Since the light absorption capabilities of the two porphyrins are more or less 
similar, the number and the position of binding groups in the porphyrins have a large 
impact on the photovoltaic and photoelectrochemical performances.  The results for the 
ZnQMA-sensitized TiO  cell could be called “promising”, considering the result of 
N719-sensitized cell (η = 6.5 %) under present optimized conditions.    
the stronger electronic c
than that be
carboxylic acid group with respect to the macrocycle plane in the ZnQMA, different from 
the ZnQDA, can be attributed to the main reason for this nonequivalent coupling effect 
(Figure 3).  Finally, it can be concluded that the superior performance of 
ZnQMA-sensitized TiO2 cell to ZnQDA-sensitized one is originated from both the more 






 Experimental Section 
Synthesis  
General.  All solvents and chemicals were of reagent grade quality, purchased, and used 
without further purification unless otherwise noted.  All of the reactions were carried out 
, and dimethyl 4,5-diaminophthalate were prepared according to the 
under a nitrogen or argon atmosphere in the dark.  Column chromatography and 
thin-layer chromatography (TLC) were performed with UltraPure Silica Gel (230-400 
mesh, SiliCycle) and Silica gel 60 F254 (Merck), respectively.  1H-NMR spectra were 
measured on a JEOL EX-400 (400 MHz) or a JEOL AL300 (300 MHz) spectrometer.  
Matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra 
were made on a Shimadzu KOMPACT MALDI II using CHCA as a matrix.  UV-vis 
absorption spectra were measured using a Perkin-Elmer Lambda 900 UV/VIS/NIR 
Spectrometer with a spectroscopy grade methanol.  FT-IR spectra were acquired using by 
a JASCO FT/IR-470 plus spectrometer with a KBr pellet.  
5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)porphyrin (1), 
5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrinatocopper (II) (2), 
5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrinatozinc (II) (ZnP), methyl 
3,4-diaminobenzoate
known procedures.8  
2-Nitro-5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrinatocopper (II) (3).  This 
procedure was based upon the literature protocol for similar compound.9  To a solution of 
2 (1.69 g, 2.0 mmol) in chloroform (1.3 L) was added a solution of copper nitrate 
trihydrate (1.19 g, 4.9 mmol) in a mixed solution of acetic anhydride (160 mL) and acetic 
acid (30 mL).  The reaction mixture was stirred at 35 ~ 40 °C for 2 h until the reactant was 
not detected by silica TLC (hexane/CH2Cl2 = 3:1).  After cooling to room temperature, 
the reaction mixture was treated with sodium carbonate and washed with water, 
subsequently dried over anhydrous magnesium sulfate and then concentrated in vacuo.  
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Purification by silica column chromatography (hexane/CH2Cl2 = 3:1), and subsequent 
reprecipitation from CH2Cl2/methanol afforded 3 as a deep red solid (1.3 g, 1.5 mmol, 
73 % yield).  UV-vis (CH2Cl2) λmax (nm) 419.20, 544.81, 585.14 (lit.8b 420, 546, 584); 
FT-IR (KBr) νmax 3422, 2916, 1610, 1527 (NO2), 1450, 1375, 1334, 999, 803 cm-1; MS 
(MALDI-TOF) m/z 888.2 (M+H+). 
2-Nitro-5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrin (4).  This procedure was 
based upon the literature protocol for similar compound.xxxvii  To a vigorously stirred 
ed 
solution of 3 (1.20 g, 1.35 mmol) in trifluoroacetic acid (91 mL) was added a 
concentrated sulfuric acid (98%, 20 mL).  After 2.5 h of stirring, the reaction mixture was 
neutralized with saturated aqueous sodium bicarbonate and extracted with chloroform.  
The extract was washed with water, dried over anhydrous magnesium sulfate, and 
concentrated in vacuo.  Purification by silica column chromatography (hexane/CH2Cl2 = 
3:1 ~ 2:1), and subsequent reprecipitation from CH2Cl2/hexane afforded 4 as a brownish 
violet solid (793 mg, 0.96 mmol, 71 % yield).  1H NMR (300 MHz, CDCl3) δ 8.84-8.53 
(m, 7H, β-pyrrolic H), 7.27 (s, 6H, phenyl H), 7.17 (s, 2H, phenyl H), 2.62-2.58 (m, 12H, 
methyl H), 1.89-1.84 (m, 24H, methyl H), -2.48 (s, 2H, inner H); FT-IR (KBr) νmax 3329, 
2917, 1611, 1529 (NO2), 1473, 1376, 1341, 983, 968, 851, 802 cm-1; MS (MALDI-TOF) 
m/z 829.4 (M+H+). 
2-Amino-5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrin (5).  This procedure 
was based upon the literature protocol for similar compound.xxxviii  All glassware us
was oven dried at 100 °C for 2 h and cooled by the stream of nitrogen.  Two-neck 
round-bottomed flask was charged with 4 (562 mg, 0.679 mmol), dry dichloromethane 
(120 mL), and dry methanol (30 mL).  Palladium (10% on carbon, 590 mg) was added to 
the solution and the flask was shielded from light.  The solution was purged with nitrogen 
and stirred at room temperature for 1 h, and placed into the ice-bath.  Sodium borohydride 
(640 mg, 16.9 mmol) was added to the solution in small portions over a 10 min period.  
Progress of the reaction was monitored by silica TLC (hexane/CH2Cl2 = 1:1), where the 
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reactant (4) moved slightly faster than the amino product (5) on the plate, as described in 
the literature for similar compound.8b  The reactant seemed to be completely consumed 
after 1.2 h of the reaction.  Solvent was removed by using rotary evaporator, and the 
residue was passed through a plug of Celite using dichloromethane as eluent in the dark.  
The crude product was concentrated in vacuo, and was directly used for the next reaction 
without further purification due to the unstability against photo-oxidation.7 (499 mg, 0.63 
mmol, 92.0 % yield).  MS (MALDI-TOF) m/z 799.2 (M+H+). 
2,3-Dioxo-5,10,15,20-tetrakis(2,4,6-trimethylphenyl)chlorin (6).  This procedure was 
based upon the literature protocol for similar compound.7c  To a solution of 5 (430 mg, 
0.54 mmol) in a dichloromethane (140 mL) was added a Dess-martin periodinane (250 
mg, 0.59 mmol).  Progress of the reaction was monitored by mass spectrometry 
(MALDI-TOF) due to the reactant and product showed indistinguishable color and Rf 
values on silica TLC (hexane:CH2Cl2 = various ratios).xxxix  The reaction mixture was 
stirred for 30 h in the dark.  Hydrochloric acid (1.0 M, 90 mL) was added to the solution 
and stirred for 1 h to hydrolyze undesirable imine products.  The reaction mixture was 
treated with saturated aqueous sodium bicarbonate and washed with water.  Organic layer 
was collected, dried over anhydrous magnesium sulfate, and then the solvent was 
removed in vacuo.  Column chromatography on silica gel (hexane/CH2Cl2 = 3:2 ~ 1:1) 
afforded 6 as a greenish brown solid. (163 mg, 0.2 mmol, 37 % yield).  Unstable product 
was directly employed for the next reaction.  MS (MALDI-TOF) m/z 812.6 (M+H+). 
5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)-6’-methoxycarbonylquinoxalino[2,3-β]p
orphyrin (7a).  This procedure was based upon the literature protocol for similar 
compound.xl  Methyl 3,4-diaminobenzoate (27 mg, 0.16 mmol) and 6 (120 mg, 0.15 
mmol) were charged into the Schlenk tube.  Dry pyridine (3.2 mL) was added and the 
solution was stirred at 110 °C.  Progress of the reaction was monitored by silica TLC 
(hexane/CH2Cl2 = 3:2).  Although the reactant seemed to be completely consumed after 1 
h, the reaction was made to proceed for 14 h.  The reaction mixture was cooled to room 
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Collected organic layer was dried over anhydrous sodium sulfate and the solvent was
removed in vacuo.  Purification by silica column chromatrography (hexane/CH2Cl2 = 1:1 
~ 2:3), and subsequent reprecipitation from CH2Cl2/MeOH gave 7a as a deep violet solid. 
(102 mg, 0.11 mmol, 73 % yield).  1H NMR (400 MHz, CDCl3) δ 8.85 (d, J=4.9 Hz, 2H, 
β-pyrrolic H), 8.75 (d, J=4.9 Hz, 2H, β-pyrrolic H), 8.66 (d, 4J=2.0 Hz, 1H, quinoxaline 
H), 8.54 (s, 2H, β-pyrrolic H), 8.36 (dd, J=8.8 and 2.0 Hz, quinoxaline H), 7.97 (d, J=8.8 
Hz, 1H, quinoxaline H), 7.35 (s, 2H, phenyl H), 7.33 (s, 2H, phenyl H), 7.28 (s, 4H, 
phenyl H), 2.76 (s, 3H, methyl H), 2.75 (s, 3H, methyl H), 2.63 (s, 6H, methyl H), 1.89 (s, 
12H, methyl H), 1.75 (s, 12H, methyl H), -2.36 (s, 2H, inner H); FT-IR (KBr) νmax 3348, 
2917, 2859, 1728 (ester), 1611, 1437, 1341, 1304, 1254, 1140, 1119, 979, 851, 819, 803, 
725 cm-1; MS (MALDI-TOF) m/z 942.6 (M+H+).  
5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)-6’-carboxyquinoxalino[2,3-β]porphyrin 
(8a).  To a solution of 7a (100 mg, 0.11 mmol) in 2-propanol (40 mL) was added a 
solution of potassium hydroxide (0.66 g, 11.8 mmol) in water (10 mL).  The so
refluxed (80 °C) for 2 h.  After cooling to room temperature, the reaction mixture was
treated with aqueous HCl (1M, 12 mL) solution.  The solution was washed with saturated 
aqueous sodium bicarbonate and water.  Organic layer was collected, dried over 
anhydrous magnesium sulfate, and then the solvent was removed in vacuo. 
Reprecipitation from CH2Cl2/hexane gave 8a as a deep violet solid (91 mg, 0.098 mmol, 
89 %).  Mp > 300 oC; 1H NMR (400 MHz, acetone-d6) δ 8.76 (d, J=4.9 Hz, 2H, β-pyrrolic 
H), 8.70 (d, J=4.9 Hz, 2H, β-pyrrolic H), 8.54 (d, 4J=2.0 Hz, 1H, quinoxaline H), 8.40 (s, 
2H, β-pyrrolic H), 8.33 (dd, J=8.8 and 2.0 Hz, quinoxaline H), 7.90 (d, J=8.8 Hz, 1H, 
quinoxaline H), 7.27 (s, 2H, phenyl H), 7.26 (s, 2H, phenyl H), 7.23 (s, 4H, phenyl H), 
2.61 (s, 3H, methyl H), 2.60 (s, 3H, methyl H), 2.49 (s, 6H, methyl H), 1.76 (s, 12H, 
methyl H), 1.65 (s, 6H, methyl H), 1.65 (s, 6H, methyl H), -2.35 (s, 2H, inner H); FT-IR 
(KBr) νmax 3436, 3350, 2918, 2856, 1736, 1706, 1612, 1446, 1344, 1212, 1141, 1120, 980, 
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803, 725 cm-1; MS (MALDI-TOF) m/z 926.2 (M+H+). 
5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)-6’-carboxyquinoxalino[2,3-β]porphyrin
atozinc (II) (ZnQMA).  To a solution of 8a (85 mg, 0.091 mmol) in chloroform (148 
mL) was added a solution of zinc acetate dihydrate (300 mg, 1.37 mmol) in methanol (25 
mL).  The solution was stirred at reflux for 18 h.  The solvent was removed by using a 
rotary evaporator, and the residue dissolved in dichloromethane and passed through filter 
 
ress of the reaction was monitored by silica TLC 
 
paper (ADVANTEC).  The filtrate was washed with water, dried over anhydrous sodium
sulfate, and then the solvent was removed in vacuo.  Reprecipitation from 
CH2Cl2/acetonitrile gave ZnQMA as a deep purple solid (57 mg, 0.057 mmol, 63 % 
yield).  1H NMR (400 MHz, acetone-d6 + CD3OD) δ 8.73 (d, 4J=1.4 Hz, 1H, quinoxaline 
H), 8.70-8.66 (m, 4H, β-pyrrolic H), 8.56 (s, 2H, β-pyrrolic H), 8.46 (dd, J=8.8 and 1.4 
Hz, quinoxaline H), 8.07 (d, J=8.8 Hz, 1H, quinoxaline H), 7.36 (s, 2H, phenyl H), 7.35 (s, 
2H, phenyl H), 7.32 (s, 4H, phenyl H), 2.72 (s, 6H, methyl H), 2.61 (s, 6H, methyl H), 
1.89 (s, 12H, methyl H), 1.78 (s, 6H, methyl H), 1.77 (s, 6H, methyl H); UV-vis (MeOH) 
λmax (nm) 420.5, 578.0, 621.5; MS (MALDI-TOF) m/z found 991.3(M+H+). 
5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)-6’,7’-bis(methoxycarbonyl)quinoxalino[
2,3-β]porphyrin (7b).  This procedure was based upon the literature protocol for similar 
compound.40  Dimethyl 4,5-diaminophthalate (37 mg, 0.17 mmol) and 6 (130 mg, 0.16 
mg) were charged into the Schlenk tube.  Dry pyridine (3.5 mL) was added and the 
solution was stirred at 110 °C.  Prog
(hexane/CH2Cl2 = 3:2).  Although the reactant seemed to be completely consumed after 1
h, the reaction was made to proceed for 14 h.  The reaction mixture was cooled to room 
temperature, dissolved in dichloromethane, and separated with brine and water.  
Collected organic layer was dried over anhydrous sodium sulfate and the solvent was 
removed in vacuo.  Purification by silica column chromatography (hexane/CH2Cl2 = 3:2 
~ 1:1), and subsequent reprecipitation from CH2Cl2/MeOH gave 7b as a deep violet solid. 
(130 mg, 0.13 mmol, 81 % yield).  1H NMR (400 MHz, CDCl3) δ 8.84 (d, J=4.9 Hz, 2H, 
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β-pyrrolic H), 8.75 (d, J=4.9 Hz, 2H, β-pyrrolic H), 8.54 (s, 2H, β-pyrrolic H), 8.32 (s, 2H, 
quinoxaline H), 7.33 (s, 4H, phenyl H), 7.28 (s, 4H, phenyl H), 2.74 (s, 6H, methyl H), 
2.63 (s, 6H, methyl H), 1.89 (s, 12H, methyl H), 1.73 (s, 12H, methyl H), -2.37 (s, 2H, 
inner H); FT-IR (KBr) νmax 3450, 3350, 2949, 2917, 2856, 1735 (ester), 1611, 1437, 1342, 
1261, 1215, 1135, 1057, 979, 970, 851, 802, 726, 714 cm-1; MS (MALDI-TOF) m/z 999.6 
(M+H+).  
5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)-6’,7’-dicarboxyquinoxalino[2,3-β]porph
yrin (8b).  To a solution of 7b (123 mg, 0.12 mmol) in 2-propanol (90 mL) was added a 
solution of potassium hydroxide (1.53 g, 27.3 mmol) in water (23 mL).  The solution was 
refluxed (80 °C) for 2h.  After cooling to room temperature, the reaction mixture was 
treated with aqueous HCl (1M, 28mL) solution.  The solution was washed with saturated 
aqueous sodium bicarbonate and water.  Collected organic layer was dried over 
anhydrous sodium sulfate, and then the solvent was removed in vacuo.  Reprecipitation 
from CH2Cl2/hexane gave 8b as a deep violet solid (104 mg, 0.11 mmol, 89 %).  Mp > 
300 oC; 1H NMR (400 MHz, acetone-d6) δ 8.87 (d, J=4.9 Hz, 2H, β-pyrrolic H), 8.82 (d, 
J=4.9 Hz, 2H, β-pyrrolic H), 8.52 (s, 2H, β-pyrrolic H), 8.47 (s, 2H, quinoxaline H), 7.38 
(s, 4H, phenyl H), 7.35 (s, 4H, phenyl H), 2.71 (s, 6H, methyl H), 2.61 (s, 6H, methyl H), 
1.88 (s, 12H, methyl H), 1.78 (s, 12H, methyl H), -2.23 (s, 2H, inner H); FT-IR (KBr) νmax 
3350, 2917, 2860, 1716, 1611, 1441, 1343, 1211, 1139, 979, 852, 821, 802, 725 cm-1; MS 
(MALDI-TOF) m/z 971.9 (M+H+). 
5,10,15,20-Tetrakis(2,4,6-trimethylphenyl)-6’,7’-dicarboxyquinoxalino[2,3-β]porph
yrinatozinc (II) (ZnQDA).  To a solution of 8a (90 mg, 0.092 mmol) in chloroform (150 
mL) was added a solution of zinc acetate dihydrate (450 mg, 2.1 mmol) in methanol (30 
mL).  The solution was stirred at reflux (60 °C) for 18 h.  The solvent was removed by 
using a rotary evaporator, and the residue dissolved in dichloromethane and passed 
through filter paper (ADVANTEC).  The filtrate was washed with water, dried over 
anhydrous sodium sulfate, and then the solvent was removed in vacuo.  Reprecipitation 
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from CH2Cl2/hexane gave ZnQDA as a deep purple solid (77 mg, 0.075 mmol, 81 % 
yield).  1H NMR (400 MHz, acetone-d6 + CD3OD) δ 8.70 and 8.67 (ABq, J=4.4 Hz, 4H, 
β-pyrrolic H), 8.57 (s, 2H, β-pyrrolic H), 8.42 (s, 2H, quinoxaline H), 7.36 (s, 4H, phenyl 
H), 7.32 (s, 4H, phenyl H), 2.71 (s, 6H, methyl H), 2.61 (s, 6H, methyl H), 1.88 (s, 12H, 
 using a Perkin-Elmer 
 measurements were made using a BAS 50W 
orphyrins on the TiO2 films were measured by cyclic voltammetry in acetonitrile 
methyl H), 1.77 (s, 12H, methyl H); UV-vis (MeOH) λmax (nm) 424.5, 583.5, 627.5; MS 
(MALDI-TOF) m/z 1034.0 (M+H+). 
Optical Spectroscopy.  UV-visible absorption spectra of the porphyrins in methanol and 
the porphyrin monolayers on the TiO2 electrodes were recorded
Lambda 900 UV/vis/NIR Spectrometer.  Steady-state fluorescence spectra were acquired 
by using a SPEX Fluoromax-3 Spectrofluorometer.  Time-resolved fluorescence spectra 
were measured by a single-photon counting method using a second harmonic generation 
(SHG, 400 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami 3950-L2S, 150 fs fwhm) 
and a streakscope (Hamamatsu Photonics, C4334-01) equipped with a polychromator 
(Acton Research, SpectraPro 150) as an excitation source and a detector, respectively.  
Spectroscopy grade methanol was used for the measurements of UV-visible absorption 
spectra, fluorescence spectra, and fluorescence lifetimes.   
Electrochemistry.  Electrochemical
electrochemical analyzer.  Redox potentials of the porphyrins in solution were 
determined by differential pulse voltammetry (DPV) as well as cyclic voltammery (CV) 
in dichloromethane containing 0.1 M tetrabutylammonium perchlorate (TBAP) as a 
supporting electrolyte.  A glassy carbon working electrode (3 mm diameter), Ag/AgNO3 
(0.01M in acetonitrile) reference electrode, and Pt wire counter electrode were employed.  
Ferrocene/ferrocenium (+0.642 V vs NHE) was used as an internal standard for all 
measurements.  For DPV measurements, scan rate of 50 mV s-1, pulse amplitude of 50 mV, 
pulse width of 50 ms, and pulse period of 200 ms were employed.  For CV measurements, 
scan rate of 100 mV s-1 was employed.  The oxidation potentials for the adsorbed 
p
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containing 0.1 M tetrabutylammonium perchlorate (TBAP) at a scan rate of 100 mV s-1.  
The porphyrin-modified TiO  electrode was employed as a working electrode along with 










XPS e method for preparing the porphyrin 
Mea








electrode.   All of the measured potentials were converted to the NHE sc
Density Functional Theory (DFT) Calculations.  Geometry optimization and 
ronic structure calculations of the porphyrins were performed by using B3LYP 
tional and 3-21G (d) basis set implemented in the Gaussian 03 program package.xli  
zed by GaussView 3.0 software.  
X-ray Photoelectron Spectroscopy (XPS) Measurements.  The XPS data were 
ired using an ULVAC-PHI 5500MT system equipped with Mg Kα X-ray source 
3.6 eV) and a hemispherical energy analyzer.  The electron takeoff angle was set at 
egree and the pressure of the main XPS chamber was maintained of less than 2.4 × 
orr during analysis.  All of the XPS peak positions were referenced to the O1s peak 
of the TiO2 substrate at 530.2 eV.  Peaks of interests were deconvoluted by 
sian/Lorentzian mixed functions with PeakFit 4.12 program.  All of the samples for 
 measurements were made by the sam
monolayers on the TiO2 electrodes.   
Preparation of Porphyrin-Modified TiO2 Electrode and Photovoltaic 
surements.  Preparation of mesoporous TiO2 films, immobilization of the 
2
hyrin-modified TiO2 were made by following the procedures reported previously.23  
anol was used as an immersing solvent in the present experiments instead of ethanol.  
TiO2 electrodes modified with ZnQMA and ZnQDA are denoted as T
and TiO2/ZnQDA, respectively.  The amounts of the porphyrins adsorbed on the TiO2 
 were determined by measuring the changes in the absorbance of the porphyrin 
ions (4 mL) before and after immersing the TiO2 films (0.25 cm2 of projected area). 
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Synthesis of Sterically Hindered Phthalocyanines and Their Applications to 




The fundamental aspects of the DSSCs have been well documented based on 
widespread research efforts to disclose the nature of the devices including interfacial 
photoinduced electron transfer, role of mesoporous semiconductor electrode, and 
electrolyte. i   From the practical and industrial point of view, however, the 
improvement in the performance has been rather stagnated during the last two decades. 
The main reason for this could be attributed to the limited light-harvesting capabilities 
of the existing dyes, especially for the near-infrared region.
 
able.  
ii  As such, to devise and 
develop novel photosensitizer dyes that can effectively harvest the red light is an urgent 
task to make the DSSCs practically vi
Phathalocyanines are the proper choice for this objective due to their strong Q 
band light absorption properties at around 700 nm.iii  Their extreme stabilities against 
thermal, chemical, and photochemical reactions are definitively desirable features for 
the long-term and outdoor robustness of DSSCs.  Applications of phthalocyanines for 
DSSCs as photosensitizers, however, have not been successful.iv  Notoriously poor 
solubility to common organic solvents and a high tendency to form aggregations have 
been attributed as the main reasons impeding the revelation of their potential as use for 
DSSCs.  A recent study by Torres and Nazeeruddin et al. demonstrated the usefulness 
of phthalocyanines for red light-harvesting provided that the degree of aggregation is 
partially diminished by introducing three bulky t-butyl groups into the macrocycle 
plane.v  The directionality in the excited state of the dye was also emphasized as an 
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important factor for efficient light-harvesting.  However, the reported compound is a 
mixture of the regioisomers, and this may result in the formation of rather complex 
monolayer on the TiO2 surface, making it difficult to disclose the relationship between 
the monolayer structure and the photovoltaic properties.  More importantly, the cell 
performance is still aided with the co-adsorption of chenodeoxycholic acid which is 
well-known to suppress dye aggregation on the TiO2 surface.  Although the power 
conversion efficiency is the highest among the reported phthalocyanine-sensitized TiO2 
cell (η =3.5 %), it is much lower than those of Ru dye-based DSSCs (η =10-11 %).2-4  
Therefore, further studies are still needed to elucidate the close relationship between the 
molecular structure and the photovoltaic properties toward the improvement of cell 
performances.   
In this chapter, the synthesis and photovoltaic properties of a novel highly 
substituted zinc phthalocyanine carboxylic acid (ZnPc) and its metal free counterpart 
(H2Pc), as depicted in Figure 1, are reported.  The compounds retain eight sterically 





























Figure 1.  Structures of the phthalocyanines used in this study. 
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with respect to the phthalocyanine plane to avoid steric congestion around the 
ortho-protons.  Moreover, the six phenyl groups also possess bulky t-butyl moieties.  
Therefore, ZnPc and H2Pc are expected to show high solubility toward common organic 
solvents and a reduced tendency towards aggregation.  Since the two neighboring β 
positions are occupied by the same functional groups, the target compound can be 
isolated free from the problem of regioisomeric mixtures.  Two carboxylic acid 
binding groups could guarantee the stable immobilization of the phthalocyanine onto 
the TiO2 surface.  Additionally, intramolecular push-pull character afforded by 
electron-donating (t-butyl) and electron-withdrawing (carboxylic acid) groups would be 
anticipated to make the efficient electron transfer from the phthalocyanine excited 
singlet state to the conduction band (CB) of the TiO2.   
 
Results and Discussion 
Synthesis.  Syntheses of phthalocyanines used in this study were achieved by the 
statistical condensation method.vi  A key step in this protocol is the preparation of the 
adequate phthalonitrile precursors.  Synthetic routes to H2Pc and ZnPc are displayed in 
Scheme 1.  Precursor compound 1 was accomplished by the Suzuki-Miyaura 
cross-coupling reaction between the 4,5-dichlorophthalonitrile and 
4-t-butylphenylboronic acid.  Suzuki-Miyaura coupling is one of the most widely used 
reactions for C-C bond formation.vii  However, it is well known that the coupling 
reactions for substrates with high steric hindrance or for the arylchlorides are ineffective, 
as for the substrate in this study.  To attain the desired compound, we have employed 
electron-rich and sterically hindered ligand, 
2-(2’,6’-dimethoxybiphenyl)dicyclohexylphosphine (S-Phos). viii  Because the 
electron-rich ligand with high steric hindrance such as S-Phos or P(t-Bu)3 makes the 
palladium (0) coordinatively unsaturated, the cross-coupling reactions even for the 
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Precursor compound 2 was also achieved through Suzuki-Miyaura cross-coupling 
between 4,5-dichlorophthalonitrile and 4-(methoxycarbonylphenyl)boronic acid, but it 
needed longer reaction time compared with that of 1.  Owing to the presence of ester 
group, the boronic acid would be an inferior nucleophile compared with 
4-t-butylphenylboronic acid, and this could be the reason of the longer reaction time.  
After obtaining the precursor compounds, it was tried to obtain the desired 
cyclo-tetramer by statistical condensation of 1 and 2 in 1-pentanol in the presence of 
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DBU (1,8-diazabicyclo[5.4.0]undec-7-ene).  Although we have expected to prepare 
2,3,9,10,16,17-hexakis(4-t-butylphenyl)-23,24-bis(4-methoxycarbonylphenyl)phthalocy
anine, we obtained a mixture of two phthalocyanine compounds.  The compounds 
showed two molecular ion peaks at 1630.7 and 1686.8 with an intensity ratio of 1:3 in 




anine, respectively.  It is believed that the exchange reaction between the methoxide 
and pentoxide was occurred during the cyclo-condensation reaction, as already 
reported.6(g),(h)  Because both of the compounds would afford the same target 
compound (i.e., H2Pc) by hydrolysis, the mixture was directly employed for the next 
reaction without further purification.  The basic hydrolysis of the compounds in 
THF/methanol containing aqueous potassium hydroxide solution afforded the 
corresponding phthalocyanine carboxylic acid, H2Pc.  To achieve the zinc 
phthalocyanine carboxylic acid (ZnPc), zinc (II) was inserted into the core of the 
phthalocyanine esters by treatment with zinc acetate.  The resulting compounds 
displayed the molecular ion peaks at 1692.5 and 1748.6 in the mass spectrum 
(MALDI-TOF).  The peaks correspond to 
2,3,9,10,16,17-hexakis(4-t-butylphenyl)-23-(4-methoxycarbonylphenyl)-24-(4-pentoxyc
arbonylphenyl)phthalocyanatozinc (II) and 
2,3,9,10,16,17-hexakis-(4-t-butylphenyl)-23,24-bis(4-pentoxycarbonylphenyl)phthalocy
anatozinc (II), respectively.  The basic hydrolysis of the compounds in THF/methanol 
containing aqueous potassium hydroxide solution afforded the corresponding zinc 
phthalocyanine carboxylic acid, ZnPc.  Structures of all the new compounds were 
verified by spectroscopic analyses including 1H NMR, 13C NMR, FT-IR, mass spectra, 
and elemental analyses. 
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Optical and Electrochemical Properties.  UV-visible absorption spectra for H2PC 
and ZnPc in THF are displayed in Figure 2.  Each of the compounds showed 
characteristic optical features of zinc and metal free phthalocyanine, respectively.  The 
peak positions in the B and Q bands regions are summarized in Table 1.  The steady 
state fluorescence spectra of the phthalocyanines were also measured in THF and the 
wavelengths for emission maxima are listed in Table 1.  The Stokes shifts are 
determined to be 68.2 cm-1 for H2Pc and 165.6 cm-1 for ZnPc.  This fairly small value 
suggests that the variations in the atomic coordinates during the electronic transitions 
are small for both of the compounds.  From the intersection of the normalized 
absorption and emission spectra, the zero-zero excitation energies (E0-0) are determined 
to be 1.73 eV for H2Pc and 1.78 eV for ZnPc in THF.x 
Figure 2.  UV-visible absorption spectra of ZnPc (solid) and H2Pc (dashed) 
measured in 2 × 10-6 M of THF solution.  Optical length = 1 cm. 
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TABLE 1: Optical and Electrochemical Data for the Phthalocyanines and Driving 
Forces for Electron Transfer Processes on TiO2. 
 
λaabs 


























+ 1.27 1.73 - 0.46 + 0.04 - 0.77 
a Wavelengths for B and Q bands maxima in THF.  b Wavelengths for emission maxima 
in THF by exciting at the B band maxima. c Ground state oxidation potentials (vs NHE). 
d The zero-zero excitation energy estimated from the intersection of the normalized 
absorption and emission spectra.  e Excited-state oxidation potentials approximated 
from Eox and E0-0 (vs NHE). f Driving forces for electron injection from the 
phthalocyanine excited singlet state (Eox*) to the conduction band of the TiO2 (-0.5 V vs 
NHE). g Driving forces for the regeneration of phthalocyanine radical cation (Eox) by 
I-/I3- redox couple (+0.5 V vs NHE).   
 
 
To determine the first oxidation potential (Eox) of the phthalocyanines, 
differential pulse voltammetry (DPV) xi  measurements were performed in DMF 
containing 0.1M tetrabutylammonium hexafluorophosphate (TBAP) as a supporting 
electrolyte and the results are summarized in Table 1.  Both H2Pc and ZnPc display 
one oxidation peak corresponding to the phthalocyanine radical cation under the same 
sweep conditions (-0.1 V to +0.8 V vs Ag/AgNO3).  The oxidation potential of H2Pc 
appears at +1.27 V (vs NHE), whereas that of ZnPc is determined to be +0.94 V (vs 
NHE).  This indicates that the phthalocyanine is easier to oxidize upon zinc (II) 
metalation, as reported for other phthalocyanine compounds.xii  This variation results 
in the important consequence of electron injection from the excited state dye (LUMO) 
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to the CB of the TiO2 (vide infra).  On the basis of the spectroscopic and 
electrochemical measurements, driving forces for electron injection from the LUMO of 
the dye to the CB of the TiO2 (-0.5 V vs NHE) (ΔGinj)xiii and the regeneration of the dye 
radical cation by the I-/I3- redox couple (+0.5V vs NHE) (ΔGreg)15 for the 
phthalocyanine-sensitized solar cells are evaluated (Table 1).  Both of the processes for 
ZnPc-sensitized TiO2 cell are thermodynamically feasible, whereas the electron 
injection from the excited H2Pc to the CB of the TiO2 is thermodynamically uphill. 
 
       (a)     (b) 
 
Figure 3.  LUMOs of (a) ZnPc and (b) H2Pc calculated by DFT methods with 
B3LYP/3-21G(d).  The protons are omitted for clarity. 
 
 
DFT Calculations.  DFT calculations were employed to gain insight into the 
equilibrium geometry and electronic structures for the molecular orbitals of the 
phthalocyanines.  The calculated structures do not show negative frequencies, 
implying that the optimized geometries are in the global energy minima.xiv  Figure 3 
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illustrates the electron density distributions of H2Pc and ZnPc in their respective 
LUMOs.  Sufficient electron densities around the carboxylic acid binding group on the 
LUMO of dye are required for the good electronic coupling between the excited state of 
dye and 3d orbital of TiO2.xv  However, there exists little electron density distribution 
on and near the carboxylic acid binding groups of the phthalocyanines.   
Photovoltaic and Photoelectrochemical Properties of Phthalocyanine-Sensitized 
TiO2 Cells.  Mesoporous TiO2 films (10-μm-thick) were prepared from a colloidal 
suspension of TiO2 nanoparticles (P25) (see Experimental Section).  The TiO2 
electrodes were immersed into THF containing 0.05 mM phthalocyanine at room 
temperature to give the phthalocyanine-modified TiO2 electrodes.  Since the 
light-harvesting ability and consequently the cell performance are, to a large extent, 
controlled by the surface coverage (Γ) of the dye on the TiO2 surface, first we examined 
the immersing time dependency of the Γ value for the phthalocyanines.  Both of the 
dyes showed similar and rather slow adsorption rates, and reached saturated coverage 
(Γ) on the surface for about 
10h of immersing time 
(Figure 4).  Total amounts 
of the dyes adsorbed on the 
TiO2 surface were 
determined by measuring 
the changes in the 
absorbance of the dye 
solutions before and after 
immersing the TiO2 films.  
Dye concentrations on the 
TiO2 films (0.25 cm2 of 
area with thickness of 10 
Figure 4.  Profile of the surface coverage 
(Γ) of ZnPc on the TiO2 electrode depending 
on the immersing time of the TiO2 electrode 
into a THF solution of ZnPc (0.05 mM). 
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μm) are determined to be about 1.4 × 10-10 mol cm-2.  Assuming that (i) the 
phthalocyanine molecule is a rectangular hexahedron and (ii) the phthalocyanine 
molecules are densely packed onto the TiO2 surface with a perpendicular orientation, 
the occupied area of one molecule on the TiO2 surface is calculated to be ca. 103 Å2 (4.3 
× 24.0 Å2).  Accordingly, the Γ value is estimated to be 1.6 x 10-10 mol cm-2, which 
is close to the experimental value.  The TiO2 electrodes modified with H2Pc and ZnPc 
are denoted as TiO2/H2Pc and TiO2/ZnPc, respectively. 
To judge the potential of H2Pc and ZnPc as a photosensitizer for DSSC, we 
evaluated their cell performances using P25 TiO2 film.  A 10-μm-thick TiO2 electrode 
was modified with H2Pc (0.05 mM) which was dissolved in THF for an immersing time 
of 1-72 h.  The H2Pc-sensitized TiO2 cell showed no power conversion due to the 
lower energy level of the H2Pc excited singlet state (-0.46 V vs NHE) than that of the 
 of the ZnPc-sensitized cell 
gradually increased with 
ncreasing the immersing 
time to reach maximum 
η values (ηmax) of ca. 
0.6 % for 12 h.  The 
power conversion 
fficiency (η) is derived 
from the equation: η = JSC 
× VOC × ff, where JSC is 
the short circuit current, 
VOC is the open circuit 
potential, and ff is the fill 
factor.  Further increase 
of the immersing time of  
CB of the TiO2 (-0.5 V vs NHE).15  In contrast, the η values
i
e
Figure 5.  Profile of the power conversion 
efficiency (η) of a ZnPc-sensitized TiO2 cell 
depending on the immersing time of the TiO2 
electrode in ZnPc-THF solution (0.05 mM).  
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up to 72 h exhibited no 
noticeable changes in the 
η values.  The time 
profiles of the η values 
(Figure 5) correlate well 
ith those of the Γ values 
(vide supra).  This is in 
sharp contrast with the 
porphyrin-sensitized TiO2 
cells in which at first the 
η values are increased and 
then decreased 
significantly with 




xvi  The 
representative 
 cells with the immersing 
time of 12 h is depicted in Figure 6; η=0.57 ± 0.03 % with JSC=1.47 ± 0.05 mA cm-2, 
VOC=0.54 ± 0.02 V, and ff =0.71 ± 0.03.   
For the phthalocyanine-sensitized TiO2 cell, co-adsorbat
photocurrent-voltage characteristics of ZnPc-sensitized TiO2
es such as 
chenodeoxycholic acid have been employed to reduce the tendency of dye aggregations 
on the TiO2 surface.6,7  For instance, in a previous report Sundström et al. 
manufactured the double enhanced performance by introducing the co-adsorbates into 
the immersing bath (η=0.29% in the absence of the co-adsorbates and η=0.54 % in the 
presence of the co-adsorbates).xvii  To further improve the performance of the present 
cell, we also introduced the chenodeoxychloic acid (2.5 mM) to the ZnPc-THF solution 
(0.05 mM), and prepared the phthalocyanine-sensitized TiO2 cell.  The cell, however, 
Figure 6.  Photocurrent-voltage character- 
 istics of a ZnPc-sensitized TiO2 cell (η = 
-20.57 %, Jsc = 1.47 mA cm , Voc = 0.54 V, ff 
= 0.71).  Conditions: electrolyte 0.1 M LiI, 
0.05 M I2, 0.6 M 2,3-dimethyl-1-propyl 
imidazolium iodide, and 0.5 M 
4-t-butylpyridine in CH3CN; input power: 
AM 1.5 under simulated solar light (100 
mW cm-2). η = Jsc × Voc× ff. 
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exhibited no apparent 
ues 
with the cell prepared in 
the absence of 
chenodeoxycholic acid 
under the same conditions 
Figure 7); η = 0.54 ± 
0.03 %, Jsc = 1.44 ± 0.06 
mA cm-2, Voc = 0.54 ± 
0.03 V, and ff = 0.70 ± 
0.03 for the cell with 
chenodeoxycholic acid. 
If there exist significant 
aggregations of ZnPc on 
the TiO2 surface, the electron injection yield would be considerably diminished by the 
accelerated decay of the ZnPc excited singlet state, leading to a fair decrease in the cell 
performance, especially in the short circuit current.  No apparent difference between 
the two cells with and without the presence of chenodeoxycholic acid reveals that the 
performance of our present cell is not perturbed by the well-known tendency of 
phthalocyanine aggregation.  We understood this phenomenon to originate from the 
high steric hindrance of the ZnPc.  Considering that the degree of dye aggregation on 
the TiO2 surface is generally increased along with prolonged immersion, this 
interpretation is consistent with the parallel correlation between the time profiles of the 
η values and the Γ values (vide supra).   
To investigate the photovoltaic re
difference in the η val
(
 
Figure 7.  Profile of the power conversion 
efficiency (η) of a ZnPc-sensitized TiO2 cell 
depending on the immersing time of the TiO2 
electrode in ZnPc-THF solution (0.05 mM) 
in the presence of chenodeoxycholic acid 
(2.5 mM).  
 
sponse of the present cell in more detail, we 
measured
 
 the photocurrent action spectra of ZnPc-sensitized TiO2 cell under the same 
conditions for the photocurrent-voltage characteristic measurements (Figure 8a).xviii 
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To 
a large extent, the photocurrent response follows the general trend of the absorption 
 
onsidering the full coverage on the TiO2 surface and the high molar extinction 
feature of the ZnPc/TiO2 (Figure 8b), indicating that the phthalocyanine is the main 
source for the photocurrent generation.  The maximal IPCE value at the near-infrared 
region is measured to be 4.9 %.   
Figure 8.  (a) Photocurrent action spectra of a ZnPc-sensitized TiO2 cell.  The 
phthalocyanine-modified TiO2 electrode was prepared under the same conditions for 
the power conversion efficiency (η) measurements.  Conditions: electrolyte 0.1 M LiI, 
0.05 M I2, 0.6 M 2,3-dimethyl-1-propyl imidazolium iodide, and 0.5 M 
4-t-butylpyridine in CH3CN; input power: AM 1.5 under simulated solar light (100 mW 
cm-2).  (b) UV-visible absorption spectra of TiO2/ZnPc.  The thickness of the TiO2 
was adjusted to be 700 – 1000 nm to obtain the shape and peak position of the spectra 




coefficient at around 700 nm region of ZnPc, the low IPCE value of the ZnPc-sensitized 
TiO2 cell cannot be explained by light-harvesting efficiency.  The remaining two 
factors are the quantum yield of electron injection from the ZnPc excited singlet state to 
the CB of the TiO2 electrode, and the efficiency of charge collection.xix  The charge 
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collection efficiency is determined primarily by the relative rate of charge transport and 
charge recombination.  In DSSCs, the injected electron can be recombined by the 
resulting dye cation and I-/I3- redox couple before going to the outer circuit.xx  The 
charge transport is reported to be occurred on the timescale of 10-7 ~ 10-5 s, whereas the 
recombination between the electron and I-/I3- happens on the timescale of 10-3 ~ 1 s. 
xxi,xxii Although the time scale of the charge recombination with the resulting dye cation 
is known to vary depending on the electron density on TiO2, a typical range is from 10-5 
to 10-3 s.23,xxiii  Therefore, the charge collection efficiency may not be the limiting 
factor for the low photocurrent generation.  The quantum yield of electron injection is 
controlled by the competing processes against electron injection such as intersystem 
crossing, nonradiative decay, emission, and excited-state quenching; the most important 
factor is, however, the driving force for electron injection (ΔGinj) from the excited state 
dye to the CB of the TiO2.3c  From the solution electrochemistry and spectroscopy, the 
ΔGinj for ZnPc-sensitized TiO2 cell is determined to be -0.34 eV.  Apparently, it 
indicates that the electron injection is a thermodynamically feasible process.  The 
energy level of the CB is, however, not laid at a fixed point but is subject to change 
depending on the operating conditions of the DSSCs.  Mesoporous TiO2 films have 
been known to show Nernstian shifts in their CB level depending on the degree of 
surface protonations.xxiv  The shift of the CB of about 0.3 eV related with the changes 
in the electrolyte compositions is also reported.22  Besides, the level of the CB would 
be raised to some degree due to the electron injection itself.  The oxidation potential of 
the dye, in addition, is to be positively shifted by the chemical adsorption on the 
TiO2.18c,xxv Thus, the actual driving force for the ZnPc-sensitized cell is estimated to be 
smaller than the above-mentioned value.  In such a case, the electron injection from the 
excited ZnPc to the CB of the TiO2 may occur mainly or only through surface states 
because there exist little available acceptor states for efficient electron injection.xxvi 
Besides, the electronic coupling between the LUMO of the ZnPc and the 3d orbital of 
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the TiO2 cannot be anticipated to be large enough due to no apparent electron density on 
the carboxylic acid binding groups together with the intervening phenyl moieties 
between the ZnPc core and the carboxylic acid (vide supra).  Thus, both of the small 
driving force and the weak electronic coupling would make the ZnPc an inefficient 
photosensitizer for DSSCs.   
Certainly, the performance of our present cell is not good and is far from our 
expectatio
Conclusions 
dered zinc phthalocyanine carboxylic acid (ZnPc) and its metal free 
xperimental  
General 
All solvents and chemicals were of reagent grade quality, purchased, and used without 
ns.  From this study, however, we can detect invaluable clues for devising 
effective phthalocyanine photosensitizers for DSSCs applications.   
 
Sterically hin
counterpart (H2Pc) were synthesized and evaluated for photosensitizers for DSSCs 
applications.  The H2Pc-sensitized TiO2 cell showed no photocurrent response due to 
its low excited singlet state compared with the CB of TiO2.  The ZnPc-sensitized TiO2 
cell displayed 0.57 % of power conversion efficiency (η) and 4.9 % of maximal IPCE 
value in the near-infrared region.  Introduction of the chenodeoxycholic acid revealed 
no noticeable change in the cell performance, showing that the aggregation of ZnPc is 
effectively suppressed by steric hindrance.  The moderate cell performance can be 
rationalized by the small driving force for electron injection from the excited-state ZnPc 
to the TiO2, and the poor electronic coupling between the LUMO of the ZnPc and the 
CB of the TiO2.  Even though the performance of the present cell is not impressive, 





further purification unless otherwise noted.  Column chromatography and thin-layer 
raphy (TLC) were performed with UltraPure Silica Gel (230-400 mesh, 
he previous characterization is not complete.xxvii  A 100 mL of 
chromatog
SiliCycle) and Silica gel 60 F254 (Merck), respectively.  1H NMR spectra were 
measured on a JEOL EX-400 (400 MHz) or a Varian Unity 500 (500 MHz) 
spectrometer.  13C NMR spectra were measured on a JEOL EX-400 (100 MHz) 
spectrometer.  High-resolution mass spectra (HRMS) were recorded on a JEOL 
JMS-HX 110A spectrometer (FAB) using 3-nitrobenzylic alcohol as a matrix or a JEOL 
JMS-700 MStation spectrometer (EI).  Matrix assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) mass spectra were made on a BRUKER Autoflex III 
using CHCA as a matrix.  UV-vis absorption spectra were measured using a 
Perkin-Elmer Lambda 900 UV/vis/NIR Spectrometer.  Steady-state fluorescence 
spectra were acquired with a SPEX Fluoromax-3 Spectrofluorometer.  Spectroscopy 
grade tetrahydrofuran was used for the measurements of UV-visible absorption and 
fluorescence spectra.  FT-IR spectra were acquired using by a JASCO FT/IR-470 plus 
or a FT/IR-4200 spectrometer with a KBr pellet.  Melting points were recorded on a 
Yanagimoto micro-melting point apparatus and were not corrected.  Electrochemical 
measurements were made using a BAS 50W electrochemical workstation.  Oxidation 
potentials in solution were determined by differential pulse voltammetry (DPV) with the 
pulse amplitude of 50 mV in Ar saturated N, N’-dimethylformamide containing 0.1M 
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte.  A glassy carbon 
working electrode (3 mm diameter), Ag/AgNO3 reference electrode, and Pt wire counter 
electrode were employed.  Ferrocene/ferrocenium (+0.642 V vs NHE) was used as an 
internal standard for all measurements.  The measured potentials were quoted with 
reference to NHE. 
Synthesis 
4,5-Bis(4-t-butylphenyl)phthalonitrile (1).  Although this compound has been 
already reported, t
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round-bottomed flask was charged with 4,5-dichlorophthalonitrile (1.87 g, 9.5 mmol), 
 
tate (22 
4-t-butylphenylboronic acid (5.0 g, 28.1 mmol), palladium (II) acetate (44 mg, 0.2 
mmol), 2-(2’,6’-dimethoxybiphenyl)dicyclohexylphosphine (200 mg, 0.49 mmol), 
K3PO4 (8.48 g, 40 mmol), and anhydrous toluene (25 mL).  The solution was stirred at 
90 oC for 2 h.  After cooling to room temperature, the reaction mixture was washed 
twice with water.  The combined organic layers were washed once with water, 
subsequently dried over anhydrous magnesium sulfate, and then concentrated in vacuo. 
The residue was dissolved in hexane, and the solid material was obtained by 
precipitation.  Dissolution in and reprecipitation with cold hexane was repeated until 
no solid material appeared.  Reprecipitation of the combined crude product with ethyl 
acetate/hexane afforded 1 as needle-like off-white crystals (2.44 g, 6.22 mmol, 66 % 
yield).  Mp. 165.2-166.9 oC; 1H NMR (400 MHz, CDCl3) δ 7.82 (s, 2H, phenyl H), 
7.28 (d, J=8.3 Hz, 4H, phenyl H), 7.03 (d, J=8.3 Hz, 4H, phenyl H), 1.29 (s, 18H, 
t-butyl H); 13C NMR (100 MHz, CDCl3) 151.77, 145.81, 135.54, 134.80, 129.01, 
125.46, 115.56, 113.97, 34.64, 31.20; FT-IR (KBr) νmax 2964, 2905, 2869, 2233 (CN), 
1735, 1608, 1589, 1484, 1462, 1363, 1268, 1113, 1015, 915, 835, 594, 569 cm-1; HRMS 
(EI positive) m/z calcd for 392.2252 (C28H28N2), found 392.2249; elemental analysis (% 
calcd, % found for C28H28N2) : C (85.67, 85.37), H (7.19, 7.30), N (7.14, 6.87). 
4,5-Bis(4-methoxycarbonylphenyl)phthalonitrile (2).  A 100 mL round-bottomed 
flask was charged with 4,5-dichlorophthalonitrile (1.0 g, 5.1 mmol), 
4-(methoxycarbonylphenyl)boronic acid (2.7 g, 15.0 mmol), palladium (II) ace
mg, 0.1 mmol), 2-(2’,6’-dimethoxybiphenyl)dicyclohexylphosphine (100 mg, 0.25 
mmol), K3PO4  (4.24 g, 20 mmol), and anhydrous toluene (20 mL).  The solution was 
stirred at 90 oC for 15 h.  After cooling to room temperature, the reaction mixture was 
washed twice with water.  The combined organic layers were washed once with water, 
subsequently dried over anhydrous magnesium sulfate, and then concentrated in vacuo.  
Reprecipitation of the crude product from ethyl acetate twice afforded 2 as plate-like 
 97
off-white crystals (1.20 g, 2.62 mmol, 60.6 % yield).  Mp. 225.6-227.1 oC; 1H NMR 
(300 MHz, CDCl3) δ 7.96 (d, J=8.4 Hz, 4H, phenyl H), 7.89 (s, 2H, phenyl H), 7.17 (d, 
J=8.4 Hz, 4H, phenyl H), 3.92 (s, 6H, ester H); 13C NMR (75 MHz, CDCl3) 166.20, 
144.86, 141.58, 135.39, 130.50, 130.00, 129.39, 115.31, 114.97, 52.38; FT-IR (KBr) 
νmax 3437, 2236 (CN), 1725, 1609, 1436, 1314, 1282, 1188, 1115, 1105, 1018, 861, 777, 
713, 523 cm-1; HRMS (EI positive) m/z calcd for 396.1110 (C26H16N2O4), found 
396.1114; elemental analysis (% calcd, % found for C26H16N2O4) : C (72.72, 72.79), H 
(4.07, 4.05), O (16.14, 16.29), N (7.07, 6.87). 
2,3,9,10,16,17-Hexakis(4-t-butylphenyl)-23,24-bis(4-carboxyphenyl)phthalocyanine 
(H2Pc).  A 200 mL round-bottomed flask was charged with 1 (4.24 g, 10.8 mmol), 2 
(1.43 g, 3.60 mmol), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (0.3 g, 1.97 mmol), 
 
n (40 mL).  The solution was stirred at reflux for 8 h, cooled to 
and 1-pentanol (60 mL).  The solution was stirred at reflux for 20 h and cooled to 
room temperature.  The solvent was then removed under reduced pressure.  The solid 
material was obtained from methanol, and subjected to silica gel column 
chromatography (chloroform/hexane = 3:1).  The second fraction was collected and 
reprecipitated from methanol.  Silica gel column chromatography (chloroform/hexane 
= 1:5) of the previously collected material afforded a dark green solid (1.02 g).  The 
solid showed two molecular ion peaks at 1630.7 and 1686.8 with an intensity ratio of 




anine, respectively.  The mixture was directly employed for the next reaction without 
further purification.  
To a solution of the previously collected dark green solid (1.03 g) in





perature, and the organic solvent was removed under reduced pressure.  The 
pH of the reaction mixture was set to 2 by adding HCl solution (6M), and a precipitate 
was formed.  The precipitate was collected and washed with copious amounts of water 
and dried.  The collected solid material was suspended in chloroform (100 mL), and 
stirred at reflux for 1 h.  Filtering, and subsequent drying under reduced pressure of the 
solid was afforded H2Pc as a dark green solid (336 mg, 6.0 % overall yield for 2 steps 
with reference to 2 used).  Mp. > 300 oC; 1H NMR (400 MHz, THF-d8) δ 10.83 (s, 1H, 
carboxy H), 9.18 (s, 6H, phenyl H (2,3,9,10,16,17)), 9.15 (s, 2H, phenyl H (23,24)), 
8.08 (d, 4H, J=8.3 Hz, carboxyphenyl H), 7.63 (d, 4H, J=8.3 Hz, carboxyphenyl H), 
7.49 (d, 4H, J=8.3 Hz, carboxyphenyl H), 7.43 (s, 20H, carboxyphenyl H), 1.43 (s, 36H, 
t-Bu H), 1.41 (s, 18H, t-Bu H), -1.55 (br s, 2H, inner H); FT-IR (KBr) νmax 3431, 3296, 
2962, 2903, 1716, 1698, 1609, 1506, 1499, 1446, 1435, 1395, 1363, 1315, 1292, 1269, 
1105, 1011, 925, 835, 764, 727, 719 cm-1; HRMS (FAB positive) m/z calcd for 
1547.7745 (C106H98N8O4), found 1547.7822 (M+H)+. 
2,3,9,10,16,17-Hexakis(4-t-butylphenyl)-23,24-bis(4-carboxyphenyl)phthalocyanato
zinc (II) (ZnPc).  To a solution of the previously collected dark green solid (500 mg, 
mixture of the 2,3,9,10,16,17-hexakis(4-t-buty
phenyl)-24-(4-pentoxycarbonylphenyl)phthalocyanine and 2,3,9,10,16,17-hexakis- 
(4-t-butylphenyl)-23,24-bis(4-pentoxycarbonylphenyl)phthalocyanine) in 1-pentanol 
(100 mL) in a 300 mL round-bottomed flask was added anhydrous zinc acetate (500 mg, 
3.0 mmol).  The solution was stirred at 130 oC for 3 h under a nitrogen atmosphere.  
After cooling to room temperature, the solvent was removed under reduced pressure.  
Silica gel column chromatography (chloroform) of the crude product afforded a green 
solid (103 mg).  The solid showed the two molecular ion peaks at 1692.5 and 1748.6 




carbonylphenyl)phthalocyanatozinc (II), and 
2,3,9,10,16,17-hexakis(4-t-butylphenyl)-23,24-bis(4-pentoxycarbonylphenyl)phthalocy
anatozinc (II), respectively.  The mixture was directly employed for the next reaction
without further purification.  
To a solution of the previously collected green solid (103 mg) in
THF/methanol (2:1(v/v), 30 mL) in a 100 mL round-bottomed flask was added a 40 % 
aqueous KOH solution (30 m
 
 




perature, and the organic solvent was removed under reduced pressure.  The 
pH of the reaction mixture was set to 4 by adding 6M HCl solution, and a precipitate 
was formed.  The precipitate was collected and washed with copious amounts of water 
and dried.  The collected solid material was suspended in chloroform (100mL), and 
stirred at reflux for 1h.  Filtering, and subsequent drying under reduced pressure of the 
solid was afforded ZnPc as a dark green solid (52.6 mg, 4.6 % overall yield for 3 steps 
with reference to 2 used).  Mp. > 300 oC; 1H NMR (400 MHz, THF-d8) δ 10.72 (s, 1H, 
carboxy H), 9.47 (s, 2H, phenyl H (23,24)), 9.40 (s, 2H, phenyl H (9,10)), 9.39 (s, 4H, 
phenyl H (2,3,16,17)), 8.10 (d, 4H, J=8.3 Hz, carboxyphenyl H), 7.72 (d, 4H, J=8.3 Hz, 
carboxyphenyl H), 7.53 (skewed d, J=8.3 Hz, 12H, carboxyphenyl H), 7.46 (skewed d, 
J=8.3 Hz, 12H, carboxyphenyl H), 1.41 (s, 36H, t-Bu H), 1.40 (s, 18H, t-Bu H); HRMS 
(FAB positive) m/z calcd for 1608.6846 (C106H96N8O4Zn), found 1608.6816 (M+H)+. 
Density Functional Theory (DFT) Calculations.  Geometry optimization and 
electronic structure calculations of the phthalocyanines were performed by using 
B3LYP functional and 3-21G (d) basis set implemented in the Gaussian 03 progra
xxviiipackage.   Molecular orbitals were visualized by GaussView 3.0 software.  
Preparation of Phthalocyanine-Modified TiO2 Electrode and Photovoltaic 
Measurements.  Preparation of mesoporous TiO2 films and immobilization of the 
phthalocyanine on the TiO2 surface, and characterization of the photovoltaic properties
of phthalocyanine-modified TiO2 were made by following the procedures reported 
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previously.18 Tetrahydrofuran was used as an immersing solvent in the present 
experiments instead of ethanol or methanol.  The TiO2 electrodes modified with H2Pc 
and ZnPc are denoted as TiO2/H2Pc and TiO2/ ZnPc, respectively.  The amounts of the 
phthalocyanines adsorbed on the TiO2 films were determined by measuring the changes 
in the absorbance of the phthalocyanine solutions (4 mL) before and after immersion of 
the TiO2 films (0.25 cm2 of projected area).  All the experimental values were given as 
an average from six independent measurements. 
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This dissertation details the molecular design tactics for achieving high performance dye 
sensitizers, syntheses of novel compounds based on the tactics, and evaluations of the 
compounds for dye-sensitized solar cells applications.  The results and findings can be 
summarized as follows. 
 
In the Chapter 1, the syntheses, structures of porphyrin films on TiO2, and photovoltaic 
properties of porphyrins with different 5-membered heteroaromatic spacers (Zn5S, Zn5O, 
and Zn4S) are described.  Modifications in spacers including switching one element (i.e., 
sulfur vs oxygen) in the bridge or changing the position of the anchoring group (i.e., 
carboxylic acid) are found to have significant effects on the dye coverage on the TiO2 
surface, and photovoltaic properties of the porphyrin-sensitized TiO2 cells.  The high 
photovoltaic properties of Zn5S-sensitized cell relative to the other cells are rationalized 
by the additional electron transfer pathway through specific interaction between the 
sulfur atom inherent in the bridge and the TiO2 surface.   
In the Chapter 2, the synthesis and the optical, electrochemical, and 
photovoltaic properties of mono- and dicarboxyquinoxalino[2,3-β]porphyrins (ZnQMA 
and ZnQDA) for dye-sensitized solar cells are described.  Both of the compounds show 
broadened, red-shifted, and amplified light absorption with the aid of π-extensions.  
Electrochemistry along with DFT calculations reveals that the low-lying LUMO by the 
substitutions is the main reason for the narrowed HOMO-LUMO gaps.  From the X-ray 
photoelectron spectroscopy and cyclic voltammetry study for the adsorbed porphyrins, 
difference in the binding mode between the two compounds are clarified; one carboxylic 
acid employs bidentate binding mode to anchor ZnQMA onto the TiO2 surface, whereas 
the two binding groups in ZnQDA utilize one bidentate and one monodentate binding 
modes.  Photovoltaic measurements of ZnQMA- and ZnQDA-sensitized TiO2 cells with 
106 
107 
P25 revealed power conversion efficiencies of 5.2 % and 4.0 %, respectively.  Since the 
light absorption capabilities of the two porphyrins are more or less similar, the number 
and the position of binding groups in the porphyrins are attributed to have a large impact 
on the photovoltaic and photoelectrochemical performances.   
In the Chapter 3, the synthesis of phthalocyanines with high peripheral 
substitutions and free from potential contamination by regioisomers, and evaluation of 
the compounds as photosensitizers for dye-sensitized solar cell applications are described.  
Metal free phthalocyanine-sensitized solar cell showed no photocurrent generation due to 
its low excited singlet state compared with the conduction band of the TiO2.  Upon zinc 
metalation, the excited singlet state of the phthalocyanine was pushed up, and this 
variation afforded an exergonic free energy change for the operation of the device.  More 
importantly, the zinc phthalocyanine-sensitized solar cell prepared with and without the 
presence of co-adsorbate revealed no difference in the power conversion efficiency (η).  
This shows that the well-known aggregation tendency of phthalocyanines that is 
considered to enhance the self-quenching of the phthalocyanine excited singlet state is 
effectively suppressed by our design concept for the novel compound.  The significance 
of the driving force for the electron injection and the distance between the dye core and 
the TiO2 surface is also discussed and highlighted for devising high performance 
phthalocyanine photosensitizers. 
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